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An Experimental and Computational 
Investigation of Bone Cement Residual
Stresses
By
John Allen Hingston
Abstract
Hip arthroplasty is a common orthopaedic procedure with considerable success 
in alleviating hip joint pain and disability. To transfer loads from the prosthesis 
to the contiguous bone, self-curing polymethyl methacrylate, often referred to as 
bone cement, is routinely used. Residual stresses due to shrinkage of the bone 
cement during and after polymerisation have been implicated in the formation of 
cement mantle cracks before any functional loading.
Contemporary cemented hip arthroplasties involve mixing the bone cement 
under vacuum and applying bone cement pressurisation in situ. However 
vacuum-mixed bone cement has been linked with increased cement shrinkage 
and theoretically linked with greater residual stress. In this thesis, experimental 
work was performed to investigate the effect of vacuum mixing and 
pressurisation with respect to bone cement residual stress. Also, two commercial 
brands of bone cement were compared against each other. Results revealed that 
vacuum mixing did not appreciably alter the residual stress levels compared with 
cement mixed under atmospheric conditions. Likewise, negligible residual stress 
difference was measured between CMW® 1 Gentamicin and SmartSet® HV 
Gentamicin bone cements. However, pressurisation of the curing bone cement 
mass had a significant effect on the residual stress magnitudes.
Finite element analysis was implemented to quantify the bone cement residual 
stresses for the experimental construct. Differential scanning calorimetry and 
dilatometry experimentation was performed to quantify the bone cement’s 
exotherm and linear coefficient of thermal expansion properties respectively. 
Both the transient thermal and residual stress predictions were directly 
comparable with the experimental measurements. Utilising the same finite 
element methodology, the transient thermal and residual stresses were predicted 
for a representative in vivo scenario. The representative in vivo stresses for the 
rehabilitation activity of walking was also predicted. Predictions revealed the 
residual stresses were significant and should be included to establish the cement 
mantle stress magnitude and distribution for the early portion of the artificial hip 
replacement lifetime.
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Chapter 1
Introduction
Joint disorders are common, affecting approximately 10% of the world’s 
population [1]. They are a leading cause of pain and disability, second only to 
heart disease [2]. The hip joint is the joint most commonly affected by injury or 
disease and where loss of functionality causes the severest handicap [3], An. 
increasing number of people require and receive hip arthroplasty to relieve hip 
joint pain and loss of mobility [4, 5].
Hip arthroplasty is a common orthopaedic procedure with considerable success 
in alleviating pain and disability. It has been estimated that approximately one 
million Total Hip Arthroplasty (THA) procedures are performed each year in 
developed countries [6]. For cemented THA, polymethyl methacrylate (PMMA) 
is used to mechanically lock the prosthesis to the contiguous bone. Polymethyl 
methacrylate is often referred to as acrylic bone cement or bone cement. 
According to the National Joint Registry (NJR) for England and Wales in the 
2004 annual report, 77% of femoral procedures utilised bone cement, while 56% 
of acetabular procedures utilised bone cement [4]. Hip anatomy terminology is 
described in Appendix A. The outcome of these operations in the majority of 
cases are successful, offering significant relief from pain and improved mobility. 
According to the NJR for England and Wales in the 2004 annual report, only 
3.5% of patients were unsatisfied with their hip replacement [4].
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The longevity or lifespan of the replacement is of concern. Due to the success of 
cemented hip replacements, it is increasingly performed on younger individuals 
[5]. This combined with an ageing population has resulted in an increase in the 
number of revision operations. Revision surgery is associated with increased 
morbidity and mortality and has a far less successful outcome than primary hip 
replacement. Thus increasing the longevity of the primary hip replacement is 
highly beneficial.
1.1 T o ta l H ip  A rth ro p la sty
A number of hip arthroplasty procedures exist. The most popular is the cemented 
THA [4], Cemented THA involves the surgical removal of the damaged hip joint, 
both the femoral head and the acetabulum, and the replacement with an artificial 
device to replicate the original hip function. Bone cement is utilised to 
mechanically lock the prosthesis to the contiguous bone.
An uncemented THA is similar to a cemented THA, but the prosthesis is held in 
place without the use of bone cement. Two popular ways to achieve fixation are 
by mechanical fixation or biological fixation. Mechanical fixation may involve 
the use of screws, bolts, nuts, wires and/or an interference fit. Biological fixation 
involves the growth of the contiguous bone onto or into the biocompatible porous 
surface of the prosthesis.
A hybrid THA involves a cemented femoral prosthesis and an uncemented 
acetabular prosthesis. For a reverse hybrid, the acetabular prosthesis is cemented 
while the femoral prosthesis is uncemented. Finally a partial hip arthroplasty 
involves the replacement of either the femoral or acetabulur part of the hip joint 
with a prosthesis.
1.1.1 H istorica l P erspective
The first recorded THA technique was recorded by Mr. Tomas Gluck from 
Germany in the early 1890’s [7]. Mr. Gluck recommended the ball and socket be
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made from ivory and that the replacement be fixed to the skeleton via nickel- 
plated steel screws [3]. Over the years a large number of improvements were 
made, including the first metallic Total Hip Replacement (THR) in 1938 by Dr. 
Philip Wiles (Middlesex, UK) and the first use of acrylic bone cement for the 
fixation of prosthesis in 1951 by Dr. Haboush (New York, USA). By the mid 
1950’s a large number of different prosthesis were commercially available.
In 1958 Sir John Chamley (England) used a low friction combination of 
polytetrafluorethylene (PTFE) for the acetabular socket and stainless steel for the 
femoral stem. This was the first THR prosthesis to use different materials for the 
acetabular socket and femoral stem. Charnley further improved the THR design 
by using high-density polyethylene (HDPE), a more wear resistant plastic, for the 
acetabular socket. This THR design combined low friction with high wear 
resistance and significantly increased the longevity of the implant. Charnley 
further increased the longevity of a THR in 1960 by introducing significant 
amounts of acrylic bone cement to mechanically lock the prosthesis to the 
contiguous bone [3]. Over 4 decades later this is still considered to be the 
standard method for a primary THA.
Present day femoral prostheses are made from a number of materials, primarily 
316L stainless steel, cobalt-chromium molybdenum alloy or titanium alloy (Ti- 
6A1-4V) [7]. For the acetabular cup ultra-high-molecular-weight-polyethylene 
(UHMWPE) is used over high density polyethylene due to its superior properties. 
Figure 1.1 illustrates a typical cemented THR.
1.1.2 F em ora l P rosth esis
The main design objective of a total hip prosthesis is to restore normal joint 
functionality in a pain free manner while maximising the implant longevity. A 
large number of hip prosthesis designs exist on the market. For example, in 2004 
101 different brands of femoral stems were utilised in England and Wales alone 
[4]. Despite the large number of hip prostheses on the market, a small number of 
brands dominate. Table 1.1 outlines 10 of the most popular cemented stems used 
in 2004 for England and Wales.
3
Figure 1.1: Schematic o f  a cemented artificial hip replacement. Adapted from
Huiskes [8],
Implant Brand (Manufacturer) Percentage Of Market Quantity
Exeter (Stryker Howmedica Osteonics) 44.9 13,808
Chamley (DePuy) 17.1 5,248
C Stem (DePuy) 9.2 2,826
CPT (Zimmer) 6.5 2,000
Stanmore (Biomet) 4.0 1,232
Elite Plus (DePuy) 2.8 866
Furlong Modular (Joint Replacement 
Instrumentation Ltd)
2.1 633
SPII (Waldemar Link) 1.9 580
Omnifit Cemented (Stryker Howmedica 
Osteonics)
1.7 533
Muller Modular (Centerpulse) 1.6 489
Table 1.1: Ten o f  the most popular cemented stems used in England and Wales in
2004 [4]
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Figure 1.2 illustrates some of the more popular femoral stems utilised.
E x e te r  L in g -L e e  S ta n m o r e  C h a m le y  M u lle r
Figure 1.2: Line diagrams ofpopular stems. Adapted from Brockhurst and
Svensson [9],
1.1.3 Polymethyl Methacrylate
In the early 1890’s, Thomas Gluck first conceived the idea of using an adhesive 
to anchor a prosthesis in situ [3]. Mr. Gluck tried to create an adhesive composed 
of colophony, pumice power and plaster, but was unsuccessful. Dr. Hasboush in 
1951 became the first person to use acrylic bone cement for a hip arthroplasty. 
However, considering it to be an adhesive, Dr. Hasboush used small amounts. 
This arthroplasty methodology proved unsuccessful. Sir John Chamley realised 
in the late 1950’s that bone cement did not have sufficient adhesive 
characteristics for a hip arthroplasty. Mr. Chamley applied ample amounts of 
bone cement to the artificial replacement, utilising it as a grout to mechanically 
lock the artificial prosthesis to the contiguous bone. Over 4 decades later, bone 
cement remains the only material used for the mechanical anchoring of the 
prosthesis to the contiguous bone.
Cemented THA is one of the most frequently performed orthopaedic procedures 
in the world [10]. Commercially, there exist approximately 70 different brands of 
acrylic bone cements. However, they are all derived from the same chemical 
substance, methyl methacrylate (MMA). Some bone cements also contain 
antibiotics to reduce infection risks. For England and Wales in 2004, antibiotic 
loaded bone cements accounted for 85.4% of all cemented hip procedures, with a
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further 3.7% of procedures using a mixture of antibiotic loaded and non­
antibiotic loaded bone cements. Some bone cements contain radiopacifiers to 
achieve x-ray opacity. Some cements are designed to have a low viscosity, while 
others are designed to have a high viscosity. The cements viscosity affects the 
mixing behaviour, the cements penetration into the cancellous bone structure, the 
cements resistance to bleeding and the ease of implant insertion [11].
Despite the large number of cement brands, a relatively small number dominate 
the market. Table 1.2 outlines the more popular bone cement brands used in 
Australia from September 1999 until December 2003.
Cement Brand Percentage O f M arket Number
Simplex®-P 33.1 10,441
Antibiotic Simplex® 19.5 6,139
Simplex® Tobra 11.4 3,609
Palacos"1 R 8.5 2,675
CMW* 1 8.1 2,558
CMW® 1 Antibiotic 4.7 1,497
Palacos® E 3.6 1,120
CMW® 3 Antibiotic 2.4 755
Other 5.4 2,738
Table 1.2: Most popular bone cement brands used in Australia from September 
1999 until December 2003for a femoral primary hip replacement [5]
1.2 P re-opera tive  M otiva tion
Table 1.3 outlines the principal diagnosis for a cemented primary total hip 
replacement, based on the 2004 NJR for England and Wales [4]. From Table 1.3 
it is evident that osteoarthritis is the principal motivation for a cemented THA. 
There are more than 100 different types of arthritis [1]. In Ireland, arthritis 
affects approximately half a million people or 13% of the population [12].
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Preoperative M otivation Percentage Number
Osteoarthritis 94.0 22,548
Avascular necrosis 3.2 774
Fractured neck of femur 1.4 344
Rheumatoid arthritis 1.0 243
Failed internal fixation 0.8 190
Dysplasia of the hip 0.8 181
Other 2.5 613
Table 1.3: Pre-operative motivations for cemented primary THA [4]
1.2.1 Osteoarthritis
Osteoarthritis (sometimes called degenerative joint disease) is the most common 
form of arthritis, affecting 10% of the United States population [1], Of those 
affected, 85% are over 70 years old. Osteoarthritis is a progressive joint disorder 
where the articular cartilage of the joint slowly degenerates. This degeneration 
causes an increase in the coefficient of friction between the two articulating 
surfaces. When this happens the individual may experience pain, stiffness, 
swelling and functional disability. In severe cases, most of the articular cartilage 
is worn away and bone articulates on bone. Contributing factors towards the 
development of osteoarthritis appear to include long-term strenuous physical 
activity, obesity, heredity or genetic factors and increasing age. THA is 
performed in severe cases to alleviate pain and increase functionality.
1.2.2 Avascular Necrosis
Avascular necrosis is a disease that can result from temporary or permanent loss 
of blood supply to the bones [13]. Without blood the bone structure weakens and 
eventually dies. Over time the bone may fail structurally. Avascular necrosis has 
been linked to excessive alcohol use, long-term cortisone usage and trauma [14]. 
Avascular necrosis primarily affects adults between 30 and 50 years old. With 
respect to the hip joint, without treatment, most clinically diagnosed cases of
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avascular necrosis lead to collapse of the femoral head. THA is the treatment 
with the highest likelihood of providing symptom free relief and good functional 
outcome. However the longevity of the THR is of concern, as this disease affects 
relatively young active patients.
1.2.3 Rheumatoid Arthritis
Rheumatoid arthritis is the second most common form of arthritis [1]. It affects 
approximately 3% of all women and 1% of all men in the United States. 
Rheumatoid arthritis is an autoimmune disorder in which the immune system 
attacks healthy tissue, most notably cartilage and joint linings [15]. The result is 
a joint that is stiff, inflamed and deformed. The joint is also often warm, swollen 
and painful. In common with osteoarthritis, THA is performed to alleviate pain 
and increase functionality in severe cases.
1.3 O perative P rocedure
A number of THA surgical procedures exist. The more popular methods include 
the lateral approach, the Smith-Peterson anterior approach and the Harding 
anterior approach [16]. Appendix B contains explanations of anatomical 
directional terminology.
For the lateral approach procedure, the patient is laid on his/her side with the hip 
to be operated upon being uppermost [7]. To expose the hip, an incision towards 
the posterior is made. The joint is dislocated and the femoral neck is sectioned. 
The position and angle of the section is not critical. The acetabulum is deepened 
medially, often with the aid of power tools by drilling and wearing/grinding the 
socket. Cancellous bone is exposed wherever possible. Finally, reaming is 
performed. The size of the prepared socket may be checked from time to time 
with a trial cup. Once the socket is the desired size, cleaning is performed. Any 
bone marrow or bone debris within the cancellous bone is removed. This may be 
achieved by applying high pressure solution with brushings [17]. Once cleaned,
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the socket may be packed with a cloth soaked with an agent to reduce bleeding 
e.g. neosynephrine or hydrogen peroxide. When ready, the acrylic bone cement 
is placed into the socket and pressure applied. Pressurisation may be achieved 
with the aid o f a pressurisation device. Pressure is applied to extrude the viscous 
cement into the cancellous bone structure and to reduce blood contamination of 
the cement mantle. After a short period of time, the prosthesis cup is added to the 
system and embedded into the cement. Once in place and stable, the cement is 
given time to set.
After the acetabular cement mantle has hardened, the femur is prepared. By using 
a broach and curette, space at the upper medullary cavity is created for the lateral 
part of the stem [7]. The medullary canal is then reamed with a number of 
femoral taper reamers, (Figure 1.3) to create space and the desired shape for the 
stem and cement mantle. Cancellous bone is exposed where possible. A test 
prosthesis may be used from time to time to check if  the modified medullary 
cavity is large enough for the prosthesis and the cement mantle.
Modem cementing techniques employ bone cement pressurisation [17, 18], For 
this technique, after the medullary cavity has been reamed to the correct size an
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intramedullary plug  (sometimes called an intramedullary cement restrictor) is 
placed at the distal end of the medullary cavity [17]. The intramedullary plug is 
applied to prevent cement distal movement during cement pressurisation. The 
intramedullary plug is placed such that approximately 2 to 3 cm clearance exists 
between the plug and the most distal tip of the stem. After the intramedullary 
plug has been applied, the medullary canal is cleaned with pulsatile lavage and 
brushed to remove debris, bone marrow, blood etc. Similar to that of the 
acetabular socket, once cleaned, the canal may be packed with an agent to reduce 
bleeding. After the bone cement has been prepared, the bone cement is injected 
into the medullary cavity in a retrograde fashion with a cement gun until the 
canal has been filled with cement. Once complete, the bone cement may be 
pressurised. Cement pressurisation is associated with reduced blood 
contamination of the cement mantle due to reduced medullary canal bleeding 
[19, 20] and an improved cement-bone mechanical lock due to greater cement 
interdigitation into the cancellous bone structure [21-24]. Cement pressurisation 
may be implemented manually or by a mechanical device called a pressuriser, 
(Figure 1.4).
Figure 1.4: Cement pressurisation. Adapted from Colwell and Ritter [17].
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After pressurisation, a centraliser may be fitted to the distal end of the stem 
prosthesis and the stem-centraliser assembly forced down into the cement filled 
medullary canal. The stem centraliser is utilised to ensure the distal end of the 
stem is centred, thus creating an even cement mantle. Cement mantle pressure is 
maintained by the physical insertion of the stem. A proximal seal may be utilised 
during stem insertion to help maintain cement pressure. After the stem has been 
inserted and is in its final position, finger packing is normally performed to 
ensure adequate fill of cement proximally about the stem and to maintain cement 
pressure as the cement polymerises.
Once hardened, both articulating surfaces of the stem and socket are inspected 
for debris and cleaned if necessary [7]. If not removed, any debris may accelerate 
the wear of the articulating surfaces considerably. A specialised tool is often used 
to ensure neither articulating surfaces becomes scratched or contaminated while 
being fitted together. Finally, any remaining debris is removed and the incision is 
stitched up. Typically the patient begins rehabilitation 1 to 2 days after the 
surgery [25, 26]. This normally involves teaching the patient to walk, climb stairs 
with the aid of a walker or crutches, get into and out-of bed, and to perform 
exercises to improve the range of motion and strength of the hip joint. If the 
patient shows no sign of infection and is in good health, the patient is normally 
discharged approximately 4 to 6 days post surgery.
1.4  A r th ro p la sty  F a ilu re
The outcome of hip arthroplasty in the majority of cases is satisfactory, offering 
significant relief from pain and improved mobility for the patient. This usually 
results in a return to normal activities for the patient. However some failures do 
occur. According to the NJR for England and Wales, of the 48,987 recorded hip 
arthroplasties performed in 2004, 9.2% (4,516) were revision surgeries [4], 
Unfortunately revision surgery is more complicated. Revision surgery is 
associated with greater morbidity and mortality. It also has a far less successful 
outcome when compared to primary THR. Table 1.4 summarises the 
preoperative motivation for a revision surgery.
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Revision Surgery Motivation Percentage (%)
Aseptic loosening 78.8
Lysis 24.6
Pain 16.1
Dislocation/subluxation 12.6
Periprosthetic fracture 7.0
Infection 6.9
Malalignment 6.0
Other 23.6
Table 1.4: Indications for revision surgery according to the NJR for England and 
Wales [4]. More than one indication may be selectedfor a single procedure.
1.4.1 Aseptic Loosening
As is evident from Table 1.4, aseptic loosening is the primary reason for revision 
surgery. Aseptic loosening is the occurrence of loosening with respect to the 
mechanical bond between the bone and the implant by a cause other than 
infection [8]. Typically the patient feels pain on load bearing activities. There are 
a large number of hypotheses to explain aseptic loosening. However the most 
popular hypothesis is the accumulated damage scenario, sometimes called 
fatigue failure scenario [27-29].
Accumulated Damage Scenario
A typical patient with an artificial hip joint performs 1.1 million hip joint cycles 
(loading-unloading cycles) per year [30]. According to the accumulated damage 
scenario, complete cracks are formed across the cement mantle as a result of 
fatigue. The complete cracks eventually degenerate the mechanical bond between 
the bone cement and the contiguous bone resulting in relative motion between 
the cement mantle and the bone [31]. This relative motion causes an 
inflammatory reaction, depositing fibrous tissue between the cement and bone
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over time. Slowly the contiguous bone about the implant becomes absorbed 
leading to aseptic loosening and the eventual failure of the hip replacement.
Residual Stress And Accumulated Damage Scenario
It has been hypothesised in the literature that residual stresses resultant from the 
bone cement polymerisation process may play two roles to exacerbate the 
accumulated damage scenario. Firstly, it has been hypothesised by numerous 
authors [29, 32, 33] that the residual stresses in the bone cement, coupled with 
stress concentrators such as pores, voids or contaminants, may create 
microcracks in the bone cement mantle before any functional loading of the 
artificial hip joint. Laboratory work and post-mortem evidence provide support 
for this hypothesis [29, 32-36]. From fatigue theory, the initial inclusion of 
microcracks significantly reduces the fatigue lifetime of the material, compared 
to the same material without initial microcracks [37].
Secondly, it has been hypothesised that after polymerisation, a tensile residual 
stress exists at the cement-bone interface, due to shrinkage of the cement mantle 
during polymerisation [32]. This tensile residual stress on the bond between the 
bone cement mantle and the contiguous bone may accelerate the debonding of 
the cement-bone interface, which in turn leads to relative motion between the 
bone cement mantle and the contiguous bone and eventual replacement failure. 
Numerous sources in the literature provide evidence of bone cement shrinkage 
due to polymerisation [34, 38-41].
1 .5  R esearch  O bjectives A n d  M ethodo log ies  
Objective No. 1
Acrylic bone cement has not changed substantially since it was first introduced 
over 45 years ago [42]. However the method of mixing and delivering the cement 
has evolved greatly. Modem cementing techniques mix the bone cement under 
the application of vacuum to improve the cements mechanical properties.
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IHowever, vacuum mixing bone cement has been linked with increased cement 
shrinkage [33]. From this observation, Orr et al [33] hypothesised that vacuum 
mixed bone cement may produce greater residual stress levels compared with 
non-vacuum mixed bone cement. From a search of the published literature, no 
experimental work has previously been performed to investigate this hypothesis 
put forward by Orr et al [33].
The first objective of this research is to experimentally investigate if vacuum 
mixing bone cement increases residual stresses, as hypothesised by Orr et al [33]. 
This objective was approached by comparing the residual strain levels developed 
between cement mantles prepared under atmospheric conditions and cement 
mantles prepared under vacuum conditions, based on a representative artificial 
femoral construct. The representative artificial femoral construct consisted of a 
stainless steel cylinder representative of a stem and an e-glass/epoxy composite 
cylinder representative of a femur. Between these cylinders bone cement was 
applied and allowed to polymerise. Strain gauges were applied to the 
representative stem and femur to measure the transient residual strains during 
and after bone cement polymerisation. Thermocouples were applied to the 
representative stem, cement mantle and femur, to measure the transient 
temperatures during and after bone cement polymerisation.
Objective No. 2
As mentioned in Section 1.3, modem cementing techniques employ cement 
pressurisation to reduce medullary canal bleeding [19, 20] and to increase the 
strength of the cement-bone mechanical lock by greater cement interdigitation 
into the cancellous bone structure [21-24].
The hypothesis is proposed in this thesis that pressurisation of the bone cement 
mantle during polymerisation would have an effect on the residual stress levels. 
The second objective of this research is to investigate this hypothesis. From a 
search of the published literature, neither the proposed hypothesis has been 
previously documented nor any investigation related to the proposed hypothesis.
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The second objective was approached by experimentally comparing the residual 
strain levels developed between cement mantles that were pressurised against 
cement mantles that were not pressurised, based on the same instrumented 
representative femoral construct employed to investigate the effects of vacuum 
mixing (Objective No. 1).
Objective No. 3
As mentioned in Section 1.1.3, approximately 70 different brands of acrylic bone 
cement exist on the commercial market [10]. During bone cement 
polymerisation, a significant amount of thermal energy is released. It has been 
established that significant differences exist in transient temperature profiles [43- 
46] and mechanical properties [47, 48] between different bone cement brands.
The hypothesis is proposed in this thesis that different brands of bone cement 
may produce significantly different residual stress levels as a consequence of the 
different exotherms and/or mechanical properties between bone cement brands. 
The third objective of this research is to investigate this hypothesis. From a 
search of the published literature, neither the proposed hypothesis has been 
previously documented, nor any investigation related to the proposed hypothesis 
been previously performed.
The third objective was approached by experimentally comparing the residual 
strain levels developed between two commercially available brands of bone 
cement with previously established different polymerisation rates. In line with 
the first and second objective, this investigation was performed on the 
instrumented representative femoral construct, as described in Objective No. 1.
Objective No. 4
The instrumented representative femoral construct employed to realise objectives 
one, two and three, measured the residual strains induced in the representative 
stem and representative femur. The fourth objective of this research is to predict
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the bone cement mantle residual stresses for the instrumented representative 
femoral construct.
To implement this objective, finite element methods were employed. Differential 
scanning calorimetry and dilatometry experimentation was performed to quantify 
the bone cements exotherm and linear coefficient of thermal expansion 
respectively. Results from the finite element model were compared with the 
experimental results to validate the finite element methodology and model.
Objective No. 5
The residual stresses calculated for the instrumented representative femoral 
construct will not be the same as the residual stresses in vivo, due to different 
geometries, material properties and initial conditions. From a search of the 
published literature, all previous residual stress investigations, both experimental 
and theoretical, have been based on concentric cylinders or models representative 
of in vitro work. Thus, no research has previously been performed that attempted 
to quantify the residual stresses in vivo based on a 3-D finite element model of 
the anatomical construct.
The fifth objective of this research is to predict the residual stresses for the in 
vivo scenario based on a 3-D finite element model of the anatomical construct. 
The 3-D anatomical model was developed about on the Exeter™ V40™ 44 mm 
No. 2 femoral prosthesis by Stryker®-Howmedica-Osteonics (Stryker 
Corporation, Kalamazoo, MI, USA). The same finite element methodology 
utilised to model the instrumented representative femoral construct was applied 
to the 3-D anatomical model.
Objective No. 6
As mentioned previously (Section 1.3), the patient typically begins rehabilitation 
1 to 2 days after arthroplasty [25, 26]. A typical rehabilitation activity is teaching 
the patient to walk with their new artificial hip. The residual stresses from bone 
cement polymerisation reduce over time due to the viscoelastic nature of bone
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cement [8, 34, 41]. However relatively recent research by Roques [41] has 
reported that the stress relieving mechanisms from residual stresses take place at 
a relatively slow rate. From this result, Roques [41] postulated that when the 
artificial hip is loaded for the first time by the patient, the residual stresses would 
be only partially relieved. As a consequence, Roques [41] recommended that 
residual stresses be included in the calculation of artificial hip construct stresses, 
for the early portion of the replacement lifetime. From a search of the published 
literature, no such research has previously been performed.
The sixth and final objective of this research is to predict the artificial femoral 
construct stresses for the early portion of the implant lifetime, and to investigate 
the significance of residual stresses. To implement this, the stresses of the 
artificial femoral construct in vivo for the rehabilitation activity of walking (peak 
stress due to walking in conjunction with residual stress due to polymerisation) 
were predicted. To investigate the significance of residual stresses, the 
rehabilitation prediction was compared with the peak walking stress prediction 
and with the residual stress prediction.
Research Objectives And Methodologies Flow Chart
Figure 1.5 summarises the thesis research objectives and methodologies 
employed.
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Objective 1 (Chapter 3)____________________________________
Vacuum mixing v’s Non-vacuum mixing
• Measure and compare temperatures and cylinder residual strains
• CMW® 1 Gentamicin
Objective 2 (Chapter 3) \
Pressurisation v’s Non-pressurisation
• Measure and compare temperatures and cylinder residual strains
• CMW® 1 Gentamicin
Objective 3 (Chapter 3) |
CMW® 1 Gentamicin v’s SmartSet® HV Gentamicin
• Measure and compare temperatures and cylinder residual strains
Objective 4 (Chapter 4) 1
Finite Element Analysis of Experimental Construct
• Predict temperature distribution over time
• Predict residual stress
Objective 5 (Chapter 5) |
Finite Element Analysis of In Vivo Construct
• Predict temperature distribution over time
• Predict residual stress
Objective 6 (Chapter 5) ▼
Finite Element Analysis of In Vivo Construct at Rehabilitation
• Predict construct stresses due to combined residual stress and 
structural stress
Figure 1.5: Flow chart of research objectives and methodologies
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Chapter 2
Literature Survey
2.1 In tro d u c tio n
Since bone cement was first introduced by Sir John Charnley over 45 years ago, 
an enormous amount of research has been performed on the material, and 
possible consequences of its use. Significant research is still undertaken, as bone 
cement remains the only material used to mechanically lock the prosthesis to the 
contiguous bone, be it for a hip arthroplasty, knee arthroplasty or shoulder 
arthroplasty.
Despite bone cements extensive history, certain aspects of its mechanical 
behaviour are not fully understood. One such aspect is the quantification of bone 
cement residual stresses and their impact on clinical outcomes. In this chapter the 
relevant properties of bone cement and modern cementing techniques are 
reviewed. Finally a comprehensive review of the published literature related to 
bone cement residual stresses is presented.
2 .2  A c ry lic  B o n e  C em en t
Acrylic bone cements are commercially supplied as separate polymer powder 
and liquid monomer, (Figure 2.1). Bone cement is formed by mixing the polymer 
powder with the liquid monomer for approximately 60 seconds.
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Figure 2.1: Monomer ampoule (left) and polymer packet (right) o f  CMW® 1
Gentamicin bone cement
2.2.1 Chemical Composition
The powder component contains approximately 95% [49] prepolymerised beads 
or spheres of polymethyl methacrylate, 1 to 125 microns in diameter [10]. The 
prepolymerised PMMA significantly reduces the amount of heat energy released, 
volumetric shrinkage and cure time during polymerisation. To help initiate 
polymerisation dibenzoyl peroxide (BPO), an initiator, is added to the polymer 
powder. Some surgeons like to monitor the artificial joint after arthroplasty. To 
increase X-ray opacity radiopacifiers such as barium sulphate (BaSC^) or 
zirconium dioxide (.ZrO2) are added, ranging from 8% to 15% by weight [50]. 
Some bone cements also contain antibiotics such as gentamicin to help prevent 
infection.
The liquid monomer component contains approximately 97% methyl 
methacrylate (MMA) [49], To launch and control the polymerisation process an 
activator and inhibitor are added to the liquid monomer. The activator consists of 
N,N-dimethyl-p-toluidine (DmpT) while trace amounts of inhibitor are added to
2 0
prevent self-polymerisation, which may occur under the exposure of ultraviolet 
radiation.
2.2.2 Polymerisation Characteristics
To form bone cement, the liquid monomer is mixed with the powder polymer. 
During the polymerisation, the cements temperature and handling characteristics 
change. To quantify the handling characteristics during polymerisation, the entire 
curing cycle of the cement is divided up into 4 phases, namely the mixing phase, 
waiting phase, working phase and setting phase. Figure 2.2 illustrates a typical 
temperature versus time trace for polymerising bone cement, with the curing 
phases indicated.
Time (Seconds)
Figure 2.2: Typical temperature versus time trace fo r  polymerising bone cement
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Mixing Phase
The mixing phase involves continuously mixing together the liquid monomer and 
powder polymer to form a low-viscosity mass [10]. During the mixing phase 
BPO from the polymer and DmpT from the monomer produce free radicals, 
enabling the bone cement to self-polymerise at room temperature. To ensure a 
homogeneous paste, the mixing phase normally lasts approximately 60 seconds.
Waiting Phase (Dough Phase)
After the mixing phase, the bone cement is in a highly fluid state and adhesive to 
surgical gloves [10, 49]. The waiting phase allows time for the bone cement to 
become more cohesive and less adhesive. The waiting phase normally lasts 
approximately 160 seconds and spans from 60 to 220 seconds. The waiting phase 
is considered over, when the bone cement no longer adheres to a surgical glove.
Working Phase (Handling Phase)
The working phase is considered the ideal time for the surgeon to utilise the bone 
cement [10, 49], The bone cement is readily workable neither being excessively 
fluid or excessively set. The working phase normally lasts for 180 seconds and 
typically spans from 220 to 400 seconds.
Setting Phase
The setting phase is the final phase of polymerisation [10, 49], The setting phase 
is the time allowed for the bone cement mantle to become a complete solid, 
thereby securing the prosthesis in situ. During this time the prosthesis must not 
be disturbed, or gaps may be formed between the prosthesis and the bone cement 
mantle. The setting phase normally takes 240 seconds and typically spans from 
400 to 640 seconds.
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The amount of time taken for the bone cement to completely cure and the peak 
temperature attained during polymerisation is dependent on a number of 
variables. The more significant of these variables include [8, 10, 44, 51-53];
• Polymer and monomer initial temperature
• Prosthesis initial temperature
• Quantity of cement applied
• Composition of bone cement
• Mixing method/system
• Environment
2.2.3 The Exothermic Reaction
Heat Liberation
The exothermic polymerisation of high-energy unstable monomer to low energy 
stable polymer releases significant amounts of thermal energy [10, 51, 52, 54, 
55]. Peak polymerisation temperatures typically range from 50 to 100°C. The 
thermal energy generated by the bone cement is directly related to the breakage 
of the double bond in the MMA molecules during polymerisation. During this 
process, MMA molecules form polymer chains liberating heat as described by 
Figure 2.3.
MMA PMMA
n .
C H ,
C = C H ,
C 0 0 C H ,
C H ,
- C — C H , -  +  H e a t
C O O Œ L
Figure 2.3: Description o f  polymerisation process in which MMA molecules are 
connected to form  polymer chains [8]
Huiskes [8] proposed that the quantity of heat generated per unit volume of bone 
cement (Q) is dependent on the volume fraction of polymerised monomer (vm),
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density of monomer (pm) and on the total amount of heat liberated by the 
monomer per unit mass (Qt), as described by Equation 2.1.
Q ~ vmPmQt (2-1)
Meyer et al [52] reported a liberation of 130 calories (544 Joules) of thermal 
energy per gram of monomer. Assuming a typical ratio of two parts polymer to 
one part monomer, the total heat liberated was 214.1 MJ/m3. Swenson et al [56] 
used 36 cal/cm3 (150.7 MJ/m3) based on Simplex® P bone cement for their finite 
element model. Baliga et al [55] reported a total heat liberation of 155 MJ/m3 
and 180 MJ/m3 derived from FEA (Finite Element Analysis) results that best 
matched the experimental findings. Huiskes [8] used a total heat liberation of 170 
MJ/m3 for analytical work that best matched experimental findings. Mazzullo et 
al [57] and Baliga et al [55] reported the effect of different isothermal 
temperatures on the polymerisation characteristics of bone cement, based on 
Differential Scanning Calorimetry (DSC) experiments. Both authors reported 
significantly different polymerisation rates for different DSC isothermal 
temperatures. Figure 2.4 illustrates the reported findings by Baliga et al [55] for 
Surgical Simplex® P bone cement.
Nzihou et al [58] performed a number of DSC experiments based on isothermal 
conditions of 25°C. Utilising laboratory made bone cement, the average 
measured thermal energy output was 179.5 MJ/m3. Yang et al [59, 60] conducted 
numerous DSC experiments utilising Simplex® P bone cement. Table 2.1 
summarises the heating rate applied to the DSC and the measured exotherm.
Thermal Distribution And Peak Temperature
As mentioned previously, the total amount of time taken for the bone cement to 
completely polymerise and the peak temperature attained are dependent on a 
large number of variables. As a result, there exists significant variance in the 
literature with respect to thermal distribution and peak temperature attained. The 
literature can be divided into three categories, clinical studies, experimental 
studies and analytical studies.
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Time (s)
Figure 2.4: Heat generation rate fo r  Simplex® P bone cement at various 
isothermal temperatures. Adapted from  Baliga et al [55].
Heating Rate (°C/min) Measured Exotherm (MJ/m3)
0 86.1
5 118.2
10 129.4
20 145.0
Table 2.1: Summary o f  Yang et al [59, 60] DSC experimental results
Clinical Studies
Toksvig-Larsen et al [61] measured the cement-femur interface temperature in 
vivo during 41 arthroplasties that utilised Palacos® R bone cement. The average 
cement-femur interface temperature was 40°C, ranging between 29 to 56°C with 
a standard deviation of 6°C. Meyer et al [52] monitored the temperature for 10 
THA procedures where Simplex® P bone cement was utilised. The authors 
reported a peak temperature of 70°C at the cement-bone interface. Huiskes [8]
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cited in vivo studies by Labitzke et al [62] and Biehl et al [63] that reported the 
in vivo femur-cement interface to be 45°C and 47°C respectively.
Experimental Studies
A large volume of experimental studies exist in the published literature which 
reports the measurement of transient and peak temperatures for polymerising 
bone cement. Some of these studies are reviewed here.
Swenson et al [56] cited in vitro work by Ohnsorge and Goebel [64], Ohnsorge 
and Goebel constructed an in vitro model utilising a fresh, moist, femoral bone 
warmed to 37°C in physiological saline solution, Palacos® R bone cement and a 
Thompson femoral prosthesis. The bone cement mantle was 9 mm thick 
proximally and 5 mm thick distally. The authors recorded a peak proximal 
cement-bone interface temperature of 58°C and a maximum stem temperature of 
55°C. Ahmed et al [65] utilised a stainless steel tube of 19 mm inside diameter of
1.2 mm thickness to represent a stem, and a cardboard outer tube to represent a 
femur, to form an 8 mm thick cement mantle. The authors measured a peak 
temperature of 110°C at the centre of the cement mantle and approximately 90°C 
at both interfaces. Baliga et al [55] conducted a similar experiment, but for a 5 
mm thick cement mantle created between two copper tubes. The inner tube had 
an interior diameter of 22 mm and a wall thickness of 1.6 mm. A peak 
temperature of 65°C was reported. Roques et al [34] performed a number of 
experiments curing CMW® 1 bone cement between a 1 mm thick stainless steel 
tube of 12 mm external diameter and a composite femur (Sawbones Europe AB, 
Sweden) of 16 mm internal diameter. From 5 experiments the average peak 
cement was 58.5°C with a standard deviation of 3.5°C.
Jefferiss et al [51] conducted a number of experiments to establish any 
relationship between sample size, (solid bone cement cylinders ranging in 
diameter from 2.5 to 30 mm, with a constant length to diameter ratio of 3 to 1) 
mould material (teflon or aluminium) and peak temperature. The peak 
temperatures recorded varied from 35 to 122°C at the centre of the cement 
cylinders and from 25 to 58°C at the edge of the cement cylinders. The authors 
noted a distinct relationship existed between peak polymerisation temperature
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and both the mould material used and diameter of the mould. Meyer et al [52] 
investigated the effect of varying the thermocouple position within setting 
cement. The authors reported a temperature differential of approximately 40°C 
(between 70 to 110°C). DiPisa et al [53] investigated the effect of pre-cooling the 
acetabular prosthesis. By pre-cooling the prosthesis to -84°C, the average peak 
temperature reduced from 70.4°C without pre-cooling to 49.2°C. The authors 
also noted a 5 minute increase in the cements setting time as a consequence of 
the pre-cooling. Dunne and Orr [42-45] reported that different brands of cement 
and cement mixing systems had a notable effect on the temperature curve and on 
the peak cement temperature attained during polymerisation. Based on an in vitro 
model, peak cement temperatures typically varied from 40 to 60°C, for the 
different cements and mixing systems considered.
Theoretical Studies
Similar to the experimental studies, a large volume of theoretical studies exist in 
the published literature for the quantification of cement transient and peak 
temperatures. Some of these studies are reviewed here. Swenson et al [56] 
modelled a cemented femoral arthroplasty using FE techniques. Three 
axisymmetric models were developed with different cement mantle thickness to 
investigate this variable. Using a predefined exotherm with a total thermal 
liberation of 150.7 MJ/m3 the authors predicted a peak cement temperature of 
80.2°C, 91.T C  and 88.6°C for a 5 mm, 10 mm and 5 to 10 mm tapered cement 
mantle respectively. The authors predicted temperatures of 53.7°C, 66.3°C, 
57.1°C at the cement-bone interface respectively.
Starke et al [66] utilised finite element techniques to investigate cement 
temperatures for a 1.5 mm and 2.5 mm thick cement mantle, based on a plane 
strain model. Founded on research by Baliga et al [55], the heat produced by the 
cement was represented as a function of cement polymerisation and temperature. 
Results predicted the thicker cement mantle may produce localised regions where 
the cement exceeds 80°C. Overall, the 1.5 mm thick cement mantle produced 
temperatures 10 to 15°C lower than the 2.5 mm thick cement mantle. Similar to 
Starke et al [66], Li et al [67] conducted FEA based on the polymerisation 
method described by Baliga et al [55]. The axisymmetric model was based on
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cylindrical representative geometries, consisting of a solid stem (diameter 16 
mm), surrounded by a 5 mm thick cement mantle, which in turn was surrounded 
by an 8 mm thick cylinder, representative of the femur. A peak temperature of 
80°C was predicted to occur at approximately the centre of the cement mantle 
after 847 seconds (14.1 minutes) from mixing. The peak predicted temperature at 
the bone-cement interface was approximately 53°C, while the peak predicted 
temperature at the stem-cement interface was approximately 50°C. The authors 
suggested that polymerisation occurred at a faster rate at the bone-cement 
interface and was the first region of the cement mantle to solidify, based on a 
stem initially at room temperature.
Residual M onom er Release
Not all the monomer is converted to polymer during polymerisation. 
Approximately 2 to 6% of the monomer eludes polymerisation [10]. Kuhn [10] 
cited research by Scheuermann [68] who reported that the proportion of residual 
monomer decreases to approximately 0.5% within 2 to 3 weeks from mixing, due 
to a slowly progressing continuous polymerisation post arthroplasty, (Figure 2.5). 
Others speculate that a percentage of this residual monomer leaches from the 
cement mantle causing chemical tissue necrosis [48, 51].
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Adapted from Kuhn [10].
Figure 2.5: Typical curve logging percentage residual monomer versus time.
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As mentioned in Section 1.5, the method of mixing and delivering cement has 
evolved greatly since bone cement was first introduced. Initially, bone cement 
was mixed using a bowl and spatula with no accessories. These mixers became 
known as the first generation of cementing devices. Unfortunately this method 
exposed the operative mixing the cement to a high level of methyl methacrylate 
vapour, which is noxious. To improve the cement quality and safety aspects, a 
new generation of mixers where developed. The second generation of cementing 
devices was similar to the first generation, but had the modification of a filter 
attached to the bowl to purify the noxious methyl methacrylate fumes [45],
From mechanical tests, it became apparent that pores in the cement mantle acted 
as stress concentrators and that fatigue failure almost exclusively occurred 
through these pore sites [69], In an attempt to reduce the porosity level and hence 
improve its mechanical properties, a number of devices were developed. These 
devices included a hand-mixing device with vibration, post mixing centrifugal 
device, mixing under pressure and in 1983 mixing under vacuum [70, 71]. 
Centrifugal and vacuum mixed devices produced the least porous cement and 
became popular. However, there were concerns about the centrifugal device 
producing inhomogeneous cement, as the heavier elements may be forced to one 
end and the lighter elements to the other [31]. Partially due to this, contemporary 
third-generation mixing devices use vacuum to reduce porosity. In common with 
the second generation devices, the monomer fumes are either filtered or extracted 
from the operating theatre atmosphere [42]. Some third generation cement 
mixing devices mix the cement in a cartridge/syringe, which later forms part of a 
gun used to inject the cement onto the cancellous bone, (Figure 2.6).
According to the NJR for England and Wales for 2004, 94.5% of cemented hip 
arthroplasties utilised vacuum mixing or fume extraction for the preparation of 
bone cement [4]. Table 2.2 summarises research that related cement mixing 
method with resultant cement porosity.
2.2.4 C em en t M ixing  System s
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A  B
Figure 2.6: Zimmer Osteobond™ vacuum mixing system, (A) Bowl system (B) 
Cartridge system. Reprinted with permission [45],
2.2.5 Cement Pressurisation
As mentioned in Section 1.3, modern cementing techniques employ cement 
pressurisation. Cement pressurisation has been credited with reduced blood 
contamination of the cement mantle and greater cement interdigitation into the 
cancellous bone structure. Significant variance exists in the literature with 
respect to the magnitude of pressure achieved. McCaskie et al [72] performed 
clinical studies to compare traditional finger packed pressurisation techniques 
with a modern mechanical cement pressuriser. For finger pressurised cement, 
based on a sample number of 15 patients, the average cement-bone pressure was 
17 ± 9 kPa with peak values of 81 ± 52 kPa. For the mechanical pressuriser, 
based on a sample number of 16 patients, the average pressure was 43 ± 30 kPa 
with peak values of 157 ± 83 kPa. In vitro work by Bourne et al [73] reported 
pressure measurements up to 970 kPa at the distal region during stem insertion 
and proximal pressures of approximately 100 kPa, for a plugged medullary 
cavity. In vitro work by Dunne et al [18] reported pressure measurements 
ranging from approximately 10 kPa to approximately 600 kPa, dependent on 
pressurisation method, location of pressure gauge and stem utilised.
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Cement Mixing 
Method/System
Vacuum
Level
(kPa)
Bone
Cement
Brand
Porosity (%) Reference
X <T
Stryker® Howmedica- 
Osteonics Mix Kit I
0 Palacos® R 16.4 0.78 [42] Dunne 
and Orr, 
2001Zimmer Osteobond™ 39 Palacos® R 10.3 0.81
Summit*' LoVac 
Bowl
39 Palacos® R 9.86 1.24
Cemvac® 69 Palacos® R 4.37 1.55
Summit® HiVac 
Syringe
72 Palacos® R 3.17 1.54
Summit® HiVac 
Syringe
86 Palacos® R 1.70 0.76
Mitab Optivac® 86 Palacos® R 1.44 0.24
Hand Mixed - Simplex® P 7.2 - [71] Wixson 
et al, 1987Centrifuged - Simplex® P 4.8 -
Vacuum - Simplex® P 0.8 -
Hand Mixed 0 5.3 [74] 
Hamilton et 
al, 1988
Table 2.2: Relationship between cement mixing systems and resultant mean 
porosity (x  )  with standard deviation (a)
2.2.6 M echanical Properties
The relatively poor mechanical properties of bone cement in comparison to the 
prosthesis and femoral bone make it the weakest link in the artificial hip 
construct. This section considers the mechanical properties of bone cement.
The mechanical properties of bone cement reported in the literature vary over a 
wide range [48]. This is due to the large number of variables that affect the
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cem en ts  m ech an ica l p roperties. P o ss ib ly  the  m o st in flu en tia l va riab le  is porosity , 
a  fu nc tion  o f  m ix in g  m ethod .
Static Properties
T ab le  2 .3  su m m arises  th e  m ean  un iax ia l com pressive  p ro p ertie s  fo r p o p u la r bone 
cem en t b ran d s an d  th e  m ix in g  m eth o d  u tilised .
Bone Cement Compressive Properties
Cement
Brand
Mixing
Method
Young’s
Modulus
(MPa)
Ultimate
Compressive
Strength
(MPa)
Reference
Palacos®  R V acu u m  ( 2 0  
kPa)
1,940 97 [75] V aughan , 
1995
S im p lex *  P B o w l &  sp a tu la 2 ,672 102.5 [76] 
T rieu  et al, 
1994
Sim plex®  P V acu u m  (31 
kP a)
3 ,000 114.3
Sim plex®  P C en trifu g ed  @  
29 5 0 rp m
2,623 101.4
C M W * 3 V acu u m  (13 
kP a)
1,950 81.4 [77] L ew is an d  
A u stin , 1994
C M W *  1 B o w l &  sp a tu la 1,990 1 1 0 [78] T an z i et al, 
1991
Sim plex®  P B o w l &  sp a tu la 2 ,830 104.7 [79] K rause and  
H ofm ann , 1989Zim m er®
L V C
B o w l &  spa tu la 2 , 2 0 0 1 0 2 . 6
Table 2.3: Mean uniaxial static compressive properties o f bone cement, as cited
by Lewis [48]
T ab le  2 .4  su m m arises  th e  m ean  u n iax ia l ten sile  p ro p e rtie s  fo r p o p u la r bone 
cem en t b ran d s an d  th e  m ix in g  m eth o d  utilised .
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Bone Cement Tensile Properties
Cement
Brand
Mixing Method Young’s
Modulus
(MPa)
Ultimate
Tensile
Strength
(MPa)
Reference
P a laco s*  R B o w l &  spa tu la 3 ,210 51.4 [47] H aper 
and  B onfield , 
2 0 0 0
Suffix® 60 B ow l &  spa tu la 3 ,260 50.7
S im p lex * B o w l &  spa tu la 3 ,430 50.1
C M W * 3 B o w l &  spatu la 3 ,530 44 .7
C M W *  1 B o w l &  spa tu la 2 ,960 39.1
O steo b o n d ™ B ow l &  spatu la 3 ,380 38.2
E n d u ran ce* B o w l &  spa tu la 2 ,990 37.1
Zim m er® B o w l &  spatu la 2 ,790 31 .7
P a laco s*  R B o w l &  spa tu la - 33 [80] K indt- 
L arsen  et al, 
1995
Palacos®  R V acu u m  (20  kP a) - 40
C M W *  1 V acu u m  (20  kP a) - 47 .0
S im p lex *  P B o w l &  spa tu la 3 ,080 44 .4 [81] K rau se  et 
al, 1988
S im p lex *  P B ow l &  spa tu la 2 ,530 36 .2 [82] D av ies et 
al, 1987Zim m er®  L V C B o w l &  sp a tu la 3 ,070 39.8
Zim m er®  L V C C en trifu g a tio n 2 ,950 49 .2
Table 2.4: Uniaxial static tensile properties o f popular bone cement brands
O rr et a l [33] re la ted  Palacos®  R  bone cem en t f lex u ra l m o d u lu s  and  P o isso n ’s 
ra tio  w ith  v acu u m  level. T ab le  2.5  sum m arises th e  rep o rted  find ings.
L ew is  [48] p u b lish e d  a  lite ra tu re  rev iew  o f  b o n e  cem en t m ech an ica l p ro p ertie s  in 
1997. R ep o rted  v a lu es  fo r u ltim a te  ten sile  streng th  ran g ed  from  24  to  49  M Pa, 
u ltim a te  co m p ress iv e  s tren g th  from  73 to  117 M P a, flex u ra l s tren g th  from  50 to 
125 M P a  and  sh ea r stren g th  from  32 to  69 M Pa.
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Vacuum Level (kPa) Flexural Modulus (GPa) Poisson’s Ratio
0 2 . 1 1 0 .4 5
3 9 2 .6 5 0 .3 2
7 2 2 .6 0 0 .3 9
8 6 2 .5 4 0 .4 8
Table 2.5: Pa lacos® R fle xu ra l modulus and Po isson ’s ratio w ith respect to 
bone cement vacuum level [33]
Fatigue Properties
F ro m  g a it  a n a ly s is , i t  h a s  b e e n  n o te d  th a t  ty p ic a lly  2  to  4  t im e s  b o d y  w e ig h t  is 
e x p e r ie n c e d  b y  th e  h ip  jo in t  d u r in g  w a lk in g  [8 3 -8 6 ] , T h is  c o m b in e d  w ith  
a p p ro x im a te ly  16 .5  m il l io n  c y c le s  o v e r  15 y e a rs  r e v e a ls  th e  im p o r ta n c e  o f  b o n e  
c e m e n t f a tig u e  p ro p e r t ie s  [3 0 ]. I t  is  w id e ly  a c c e p te d  th a t  b o n e  c e m e n t 
m e c h a n ic a l  f a i lu re  d u e  to  fa tig u e  p la y s  a  c e n tra l  ro le  in  a s e p tic  lo o s e n in g  a n d  th e  
e v e n tu a l  fa ilu re  o f  th e  a r tif ic ia l  h ip  jo in t  [2 7 -2 9 , 3 1 , 87 ],
A  g re a t  d e a l o f  r e s e a rc h  h a s  b e e n  c a r r ie d  o u t  to  d e te rm in e  th e  b o n e  c e m e n ts  
fa t ig u e  p ro p e r t ie s . H o w e v e r  d u e  to  th e  p o ro u s  b r it t le  n a tu re  o f  b o n e  c e m e n t a n d  
th e  la rg e  n u m b e r  o f  v a r ia b le s  th a t  a f fe c t  its  m e c h a n ic a l  p ro p e r t ie s , th e  r e p o r te d  
fa t ig u e  p ro p e r t ie s  v a ry  s ig n if ic a n tly  f o r  id e n tic a l  te s ts . T a b le  2 .6  s u m m a r is e s  
fa t ig u e  te s t  re s u lts  ( te n s io n - te n s io n , 2  H z , 0 .3  to  2 2  M P a ) b y  H a rp e r  a n d  
B o n f ie ld  [47] o n  p o p u la r  b ra n d s  o f  b o n e  c e m e n t.
M o s t  f a tig u e  s tu d ie s  c o n c lu d e  th a t  a  s ig n if ic a n t  in c re a se  in  fa tig u e  l i fe tim e  is 
a c h ie v e d  b y  v a c u u m  m ix in g  [7 1 , 8 8 , 8 9 ]. F ig u re  2 .7  i l lu s tra te s  a  ty p ic a l  S -N  
fa t ig u e  c u rv e  c o m p a r in g  v a c u u m  m ix e d  a n d  n o n -v a c u u m  m ix e d  c e m e n t.
Viscoelastic Properties
T h e  v is c o e la s t ic  p ro p e r t ie s  o f  b o n e  c e m e n t h a v e  b e e n  a s s o c ia te d  w ith  s tem  
s u b s id e n c e  [4 8 , 9 0 ] a n d  re s id u a l s tre s s  r e la x a tio n  [8 , 4 1 ]. B o n e  c e m e n t m a n tle s  
h a v e  re v e a le d  s ig n s  o f  g ro s s  p la s t ic  d e fo rm a tio n  [91 , 9 2 ]. C o n s e q u e n tly , th e
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Cement Brand Cycles To Failure
Range Weibull Medium
S im p le x *  P 8 ,9 3 3  - 9 3 ,3 4 5 3 6 ,6 7 7
P a la c o s ^  R 1 8 ,3 6 2  - 4 9 ,2 8 5 2 7 ,8 9 2
C M W ®  3 5 ,9 9 6  - 3 8 ,2 6 2 16 ,441
O s te o b o n d ™ 5 ,5 2 7  - 2 5 ,8 2 5 1 6 ,1 6 2
S u lf ix * -6 0 2 ,9 0 2  - 2 9 ,2 7 5 9 ,8 1 6
C M W *  1 3 ,0 4 2  - 8 ,8 3 5 4 ,4 0 7
E n d u ran ce® 1 ,663  - 1 2 ,9 4 7 4 ,3 5 5
Z im m er® 153 - 3 ,9 7 8 781
B o n e lo c® 4 -6 4 7 164
Table 2.6: Tension-tension (2 Hz, 0.3-22 M Pa) fatigue results fo r  non-vacuum  
mixed commercial bone cements [47]
Cycles to Failure
F igure 2.7: Typical S -N  curves fo r  hand m ixed and vacuum mixed cement [89]
v is c o e la s t ic  p ro p e r t ie s  o f  b o n e  c e m e n t h a v e  b e e n  h y p o th e s is e d  to  c o n tr ib u te  to  
im p la n t  lo o s e n in g  a n d  e v e n tu a l fa ilu re . R e s e a rc h  s tu d ie s  in v e s t ig a tin g  th e  
v is c o e la s t ic  p ro p e r t ie s  o f  b o n e  c e m e n t m a y  b e  d iv id e d  in to  th re e  m a in  c a te g o r ie s ;
35
sta tic  v isco e la s tic  research , dynam ic  v isco e la s tic  re sea rch  and stress re laxation  
research . In  line w ith  p rev ious m ech an ica l p roperties , s ig n ifican t va rian ce  ex ists 
in  the  lite ra tu re , w ith  little  consensus.
S ta tic  V isco e la s tic  R esearch
C h w iru t [92] p e rfo rm ed  com pressive  c reep  tests  on  5 co m m erc ia lly  availab le  
b one  cem en ts  b ran d s o v er a  1,000 h o u r (41.5 day) period . F rom  th is  the  au tho r 
rep o rted  s ig n ifican t d iffe ren ces be tw een  the  d iffe ren t cem en t b rands, and 
p ro p o sed  a  m a th em atica l m odel to  p red ic t c reep  strains.
N o rm a n  et a l [91] inv estig a ted  the c reep  ra tes fo r d iffe ren t s tress levels and  
p rep a ra tio n  m eth o d s. R esu lts  rev ea led  h ig h e r c reep  s tra in s fo r th e  hand-m ixed  
c e m e n t v e rsu s  v acu u m  m ix ed  cem en t. R esu lts a lso  rev ea led  s ign ifican tly  
d iffe ren t c reep  ra te s  be tw een  d iffe ren t stress levels. F o r ex am p le , an  average 
c reep  s tra in  o f  0 .1 1 %  w as m easu red  a fte r 6  h ou rs a t 10.5 M P a, w h ile  a t  50 M Pa 
o v er th e  sam e  tim e  p e rio d  th e  average  c reep  stra in  w as  9 .9% .
L ee  et a l [93] in v estig a ted  th e  e ffec t of;
•  D iffe ren t cem en t b rand
•  R o o m  tem p era tu re  versus body  tem p era tu re
•  D ry  sam p les  v e rsu s  h y d ra ted  sam ples
•  D iffe re n t bone  cem en t sam ple  ages
T h e  au th o rs  te s ted  th e  sam p les  u n d er tension , co m p ressio n  and  4 p o in t bend ing  
co n d itio n s, ty p ica lly  o v er an  80 ho u r period . R esu lts  rev ea led  th a t th e  c reep  rates 
w ere  d e p e n d e n t on  all v a riab les. Som e v a riab les  h ad  a  g rea te r in flu en ce  than  
o thers. T h e  c reep  ra te  d iffe rences be tw een  the  d iffe ren t b one  cem en t b rands w ere  
m in o r in co m p ariso n  w ith  specim en  age, h y d ra tio n  and  tem p era tu re .
D y n am ic  V isco e la s tic  R esearch
L iu  et a l [94, 95] p o s tu la ted  th a t the  v isco e lastic  re sp o n se  due  to  a  cy c lic  load 
w o u ld  be  m o re  rep re sen ta tiv e  o f  in vivo co n d itio n s co m p ared  w ith  sta tic  creep  
tests . L iu  et a l [94] co m p ared  the  d y n am ic  c reep  ra tes be tw een  CM W ® 1 and
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P alaco s®  R -4 0  b o n e  c e m e n ts . T h e  a u th o rs  m e a s u re d  s ig n if ic a n t d if fe re n c e s  
b e tw e e n  b o th  b ra n d s , w ith  th e  P a laco s®  R -4 0  b ra n d  re p o r te d  to  h a v e  a  g re a te r  
c re e p  re s is ta n c e  c o m p a re d  to  C M W ®  1, (F ig u re  2 .8 ) .
Loading Cycles (Kilocycles)
Figure 2.8: Percentage creep versus number o f cycles, at a stress o f  10.6 MPa,
frequency o f 1 Hz, at 37°C  [94]
S tre s s  R e la x a t io n  R e s e a rc h
E d e n  et a l [90 ] in v e s t ig a te d  th e  e f fe c t  o f  b o n e  c e m e n t sp e c im e n  a g e  o n  s tre ss  
re la x a tio n . B a s e d  o n  S im p lex®  P  b o n e  c e m e n t, th e  a u th o rs  n o te d  th a t  th e  o ld e r  
th e  b o n e  c e m e n t s a m p le , th e  m o re  re s is ta n t  th e  s a m p le  w a s  to  s tre s s  re la x a tio n . 
F o r  e x a m p le , fo r  a  c e m e n t s a m p le  o n e  h o u r  o ld , th e  a u th o rs  m e a s u re d  a  s tre ss  
r e la x a t io n  f ro m  16 M P a  to  6  M P a  to  o c c u r  in  o n e  h o u r . W h ile  fo r  a  c e m e n t 
s a m p le  7 0  d a y s  o ld , th e  a u th o rs  m e a s u re d  a  s tre s s  re la x a tio n  f ro m  2 4  M P a  to  18 
M P a  in  th e  sa m e  tim e  p e r io d .
L e e  et a l [93] in v e s t ig a te d  th e  s tre s s  re la x a tio n  ra te s  b e tw e e n  6  d i f fe re n t  b o n e  
c e m e n t b ra n d s  a n d  d if fe re n t  s a m p le  a g e s  (1 h o u r  to  4 2  d a y s ) . S ig n if ic a n t 
v a r ia n c e  w a s  m e a s u re d  b e tw e e n  b o th  th e  d if fe re n t  c e m e n t b ra n d s  a n d  d if fe re n t  
s p e c im e n  a g e s . T h e  b o n e  c e m e n t s a m p le  a g e  h o w e v e r  h a d  a  g re a te r  in f lu e n c e  o n
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the  stress  re lax a tio n  ra tes  co m p ared  w ith  cem en t b rand . F igu re  2 .9  illu stra tes  the 
stress re lax a tio n  re su lt fo r Palacos®  R  b one  cem en t o v er a  48  h o u r period , based 
on 7 day  o ld  spec im ens, in sa line  so lu tio n  a t 37°C.
Time (Hours)
Figure 2.9: Stress relaxation o f Palacos® R bone cement over a 48 hour period, 
based on 7 day o ld  samples in saline solution at 37° C. Adapted from  Lee et al
[93],
H u isk es  [8 ] rep o rted  the  s tress re lax a tio n  rate  fo r a  ro d  o f  bone cem en t u n d er an 
in itia l ten s ile  s tress o f  4  M P a, a t 37°C, u n d er a  co n stan t s tra in  o f  1.6 x  1 0 3. 
E x trap o la tin g  th e ir  m easu rem en ts , the au th o r p o stu la ted  the  s tre ss  w o u ld  reduce  
by  90%  a fte r 70 day s and  w o u ld  be neg lig ib le  a fte r one  year.
R o q u es et a l [34, 41] rep o rted  the  re sid u a l stra in  leve ls  o v e r th e  firs t tw o  hours 
from  th e  in itia tio n  o f  cem en t m ix ing . N eg lig ib le  stress re lax a tio n  h ad  occurred  
o v er th is  tim e  period . F ro m  such, the au tho rs p o stu la ted  th a t w h en  th e  con stru c t 
is lo ad ed  fo r  the  firs t tim e  by  th e  patien t, th e  residua l s tre sses  w o u ld  be only  
p a rtia lly  re lieved .
Coefficient Of Thermal Expansion
T h e b one  cem en t c o e ffic ien t o f  th e rm al ex p an sio n  is cen tral fo r  th e  accu ra te
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qu an tifica tio n  o f  residual stress. B ased  on d ila to m ete r ex p erim en ts  using  
R ad io p aq u e  S u rg ica l Sim plex®  P acry lic  cem en t, A h m ed  et a l [65] m easu red  the 
co e ffic ien t o f  th e rm al ex p an sio n  to  be  a p p ro x im a te ly  8  x  10 '5oC _1, vary ing  
b e tw een  7 .2  an d  8 . 8  x  10 '5oC ' .  T h e  au th o rs  a lso  d eriv ed  an  ex p ress io n  fo r the 
c a lcu la tio n  o f  th e  co e ffic ien t o f  th e rm al expansion . F o r a  re la tiv e ly  h igh  Y o u n g ’s 
m o d u lu s o f  3 .2  G P a, th e  co effic ien t o f  therm al ex p an sio n  w as ca lcu la ted  to  be 
3.0 x  10 '5oC"1, w h ereas  fo r a  re la tiv e ly  low  Y o u n g ’s m o d u lu s o f  2 .0 7  G P a, the 
co e ffic ien t o f  th e rm al ex p ansion  w as  ca lcu la ted  to  be  4 .7  x  10~5oC"'. F ig u re  2 .10 
g rap h ica lly  rep resen ts  A h m ed  et a l’s resu lts.
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Figure 2.10: Linear coefficient o f thermal expansion, both experimental and 
theoretical findings. Adaptedfrom Ahmed et a l [65].
2.3 Residual Stress Development
B o n e  cem en t res id u a l s tre sses  a re  fo rm ed  a fte r th e  cem en t has so lid ified . W hen 
th e  cem en t so lid ifies , it is at an  e leva ted  tem p era tu re , due to  th e  ex o therm ic  
reac tion . U p o n  so lid ifica tio n  th e  b one  cem en t m ech an ica lly  lo ck s w ith  the
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co n tig u o u s  can ce llo u s bone an d  bonds w ith  the fem o ra l p ro sthesis . W ith  the 
p a ss in g  o f  t im e  th e  cem en t m an tle  co o ls  to  bo d y  tem p era tu re . H o w ev e r the  
ce m e n t m an tle  rem ain s co n stra ined  an d  unab le  to  sh rink . D ue  to  th is  constra in t, 
re s id u a l s tre sses  are  se t u p  in the  construc t. I t h as  been  h y p o th esised  th a t these  
re sid u a l s tresses , c o u p led  w ith  stress co n cen tra to rs  in  th e  cem en t m an tle , such  as 
a ir  p o res  and  co n tam in a tes  (b lood, b one  m arrow , bone), m ay  ra ise  local stress 
leve ls  ab o v e  th e  frac tu re  streng th  o f  fresh  bone cem en t and  th e reb y  induce 
frac tu res  [32, 33]. E v id en ce  o f  p re lo ad  c racks h av e  been  fo u n d  in  num ero u s 
ex p e rim en ta l s tud ies [29, 32-35, 41].
2.3.1 Volume Alteration Mechanisms
S in ce  P M M A  b one  cem en t w as firs t in tro d u ced , it has b een  k n o w n  th a t it 
u n d e rg o es  a  ch an g e  in vo lum e d u rin g  th e  p o ly m erisa tio n  p ro cess  [96], I t  has 
b een  h y p o th es ised  b y  m any  [8 , 40, 49, 97] and  w id e ly  accep ted  th a t the  c h ie f  
m ech an ism s o f  v o lu m e  a ltera tion  d u rin g  p o ly m erisa tio n  include;
1. P o ly m e risa tio n  sh rinkage
2. P o re  ex p an sio n
3. T h e rm a l ex p an sio n  fo llo w ed  by  th e rm al co n trac tio n
C e m e n t sw e llin g  due  to  liqu id  ab so rp tio n  in vivo h as  been  h y p o th es ised  by  som e 
au th o rs  [40, 49 , 98], h o w ev er re sea rch  b y  H aas  et a l [49] an d  D e  W ijn  et a l [40] 
w e re  u n su ccessfu l in  m easu rin g  any  sw e llin g  o r en la rg em en t effects.
Polymerisation Shrinkage
A s m en tio n ed  in  S ec tio n  2 .2 , b o n e  cem en ts  a re  co m m erc ia lly  supp lied  as packs 
o f  p o ly m er p o w d er an d  v ia ls  o f  liqu id  m onom er. W hen  m ix ed  to g e th er, the 
ac tiv a to r in  th e  p o w d er (benzoy l p e ro x id e ) an d  th e  in itia to r in th e  m o n o m er 
(N ,N -d im eth y l-p -to lu id in e ) b rin g  ab o u t p o ly m erisa tio n  [10]. D u rin g  the  
p o ly m erisa tio n  p ro cess  m o n o m ers  are  converted  in to  th e ir  co rrespond ing  
p o ly m eric  fo rm . T h is  p o ly m erisa tio n  p ro cess  fo rm s a  n e t d en sity  ch an g e  fo r the  
liq u id  m o n o m er, as  it is co n v erted  from  0 .937  k g /m 3 to  a  p o ly m er o f  1.18 k g /m 3
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[8 , 98]. I t is th is  d en sity  increase  fo r th e  m o n o m er th a t is th e  p rim ary  sou rce  o f  
p o ly m erisa tio n  sh rin k ag e  [10, 98, 99]. T h erefo re , th e  a m o u n t o f  p o ly m erisa tio n  
sh rin k ag e  is d ep e n d e n t on  the  q uan tity  o f  m o n o m er app lied , as d em o n stra ted  in 
F ig u re  2 .11 . A ttem p ts  h av e  been  m ade to  con tro l th e  am o u n t o f  sh rinkage  by 
red u c in g  th e  a m o u n t o f  m onom er, h o w ev e r it has b een  found  tha t th is  has a 
n eg a tiv e  e ffec t o n  the  bone  cem en ts m ech an ica l p ro p ertie s  [8 , 49 , 52, 99],
Figure 2.11: Percentage shrinkage versus percentage MMA [98], Dashed line 
represents theoretical shrinkage, so lid  line represents experiment findings.
S ilikas et a l [99] ca lcu la ted  a  v o lum etric  sh rin k ag e  o f  2 1 .1 %  fo r the  com ple te  
co n v e rs io n  o f  M M A  to P M M A . G ilb ert et a l [98] ca lcu la ted  th e  th eo re tica l 
p o ly m erisa tio n  sh rin k ag e  to  be  2 0 .6 %  for th e  co m p le te  conv ersio n  o f  pure 
m o n o m er to  100%  po lym er. B asin g  h is  ca lcu la tio n s  on Endurance®  (D ePuy 
O rth o p ed ics , In d ian a , U S A ) b one  cem en t, G ilb e rt et a l ca lcu la ted  a  net 
p o ly m erisa tio n  sh rin k ag e  o f  7 .8% . L oshaek  et a l [100] ca lcu la ted  the  theo re tica l 
liqu id  m o n o m er sh rin k ag e  to  be  b e tw een  22  to  23% . A ssu m in g  a ra tio  o f  tw o 
p arts  p o ly m er an d  o n e  p a rt m onom er, th e  au tho rs ca lcu la ted  a  n e t po ly m erisa tio n  
sh rin k ag e  o f  7 .5% . D e W ijn  et a l [40] rep o rted  a  th eo re tica l sh rinkage  o f  22%  for 
th e  co m p le te  c o n v e rs io n  o f  M M A  to  P M M A . B ased  on  th e  sam e 2:1 ra tio , D e 
W ijn  et a l ca lcu la ted  a  n e t sh rinkage o f  7% . H aas et a l [49] ca lcu la ted  the net 
p o ly m erisa tio n  sh rin k ag e  to  be be tw een  7.6 to  8 %.
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Bulk Thermal Expansion And Contraction
T he ex o th e rm ic  p o ly m erisa tio n  o f  h ig h -en erg y  u n stab le  m o n o m er to  low  energy  
stab le  p o ly m er re lea se s  s ig n ifican t am o u n ts  o f  th e rm a l en e rg y  [10]. W ith  re sp ec t 
to  v o lu m e  a lte ra tio n , th is  causes th e  b o n e  cem en t m ass  to  th e rm a lly  expand  
d u rin g  th e  ex o th e rm ic  p h a se  and  th e rm ally  co n trac t d u rin g  th e  co o lin g  phase.
Porosity Effects
P o res  in  th e  c e m e n t m an tle , (F igure  2 .12), a re  ty p ica lly  a ttr ib u ted  to  a ir  th a t has 
b eco m e e n trap p ed  in  th e  p o w d er in te rstices d u rin g  m ix in g  [48, 71, 74]. W ixson  
et a l [71] id en tified  a t leas t 4 sources o f  p o ro s ity  in  w h ich  a ir  m ay  b ecom e 
e n trap p ed  in  th e  b o n e  cem en t m antle  d u rin g  the cem en t p rep ara tio n  process. 
T h ese  in c lu d e  [71];
1. “ A ir  in itia lly  su rro u n d in g  th e  p o w d ered  p o ly m er b ead s
2. A ir  tra p p e d  d u rin g  the  w e ttin g  o f  th e  p o w er
3. A ir  s tirred  in to  th e  liqu id  cem en t d u rin g  sp a tu la tio n
4. A ir  tra p p e d  d u rin g  tran sfe r to  a  n o n -v en ted  cem en t gun  o r specim en  
m o ld ”
Macropore (>100microns) Micropores (<1 OÓmicróns)
Figure 2.12: A  scanning electron micrograph o f a typical acrylic bone cement 
sample, identifying micropores and macropores
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P o re  T h erm al E x p an sio n
D u rin g  th e  ex o th e rm ic  p h ase  o f  th e  p o ly m erisa tio n  p ro cess , a ir  p o res  en trapped  
en la rg e  d u e  to  th e rm a l expansion . B ased  o n  C harles L aw , H am ilto n  et a l [74] 
ca lcu la ted  th a t fo r  a  cem en t in itia lly  a t ro o m  tem p era tu re  an d  h ea ted  b y  60°C, a 
2 2 %  v o lu m e tric  ex p an sio n  o f  the  a ir  po re  w o u ld  resu lt. T h is rep resen ts 
ap p ro x im a te ly  1%  n e t vo lu m e ex p an sio n  fo r a  typ ica l 5 .3%  a ir p o re  occupancy . 
T h erm al co n trac tio n  o f  the a ir p o res  w o u ld  n o t occur, as th e  b one  cem en t w o u ld  
h av e  a tta in ed  its p ro p ertie s  as a  so lid  b e fo re  the  co o lin g  p h ase  co m m ences.
P o re  R em o v a l E ffec ts
T h ere  is a  g enera l co n sen su s th a t red u c in g  th e  n u m b er o f  p o re s  in  th e  cem ent 
m ass  im p ro v es th e  cem en ts  m ech an ica l p roperties  [42, 45 , 48 , 71, 101, 102], To 
p ro d u c e  less p o ro u s cem en t, cen trifu g a tio n  o r v acu u m  m ix in g  is perfo rm ed . 
H o w ev er, th e  side  e ffec ts  o f  su ch  ac tions are  less w e ll u n d ersto o d . It has been  
h y p o th es ised  th a t b y  red u c in g  th e  n u m b er o f  po res  in  th e  cem en t, th e  am o u n t o f  
p o re  ex p an sio n  to  co u n te rac t p o ly m erisa tio n  sh rin k ag e  red u ces  [33, 98]. 
T h e re fo re  an  in c reased  p e rcen tag e  o f  th e  p o ly m erisa tio n  sh rin k ag e  is  abso rbed  
by  ex te rn a l d im en sio n a l con trac tion . T ab le  2 .7  sum m arises sh rinkage  resu lts  in 
th e  lite ra tu re .
C e m e n t
B r a n d
M ix in g
M e th o d
S h r in k a g e  (% ) R e fe re n c e
M e a n S td . D ev .
Sim plex®  P H a n d  m ix ed 5.09 0.5 [98] G ilb e rt et al, 
2 0 0 0Sim plex®  P V acu u m  m ix ed 6 .67 0.4
Endurance® V acu u m  m ix ed 6.5 0 .24
Sim plex®  P C en trifu g ed 7.5 - [74] H am ilto n  et al, 
1988Sim plex®  P U n cen trifu g ed 2-4 -
Palacos®  R 3 [103] R im n ac  et al, 
1986
- H a n d  m ix ed 2.1-52 - [49] H a a s  et al, 1975
Table 2.7: Summary o f bone cement shrinkage data from  the published literature
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O rr et a l [33] es tab lish ed  a c lear re la tio n sh ip  b e tw een  in c reased  vacuum  level 
an d  in c reased  m ean  sh rin k ag e  T ab le  2 .8  su m m arises  th e ir  ex p erim en ta l find ings.
Vacuum Level (kPa) Mean Shrinkage (%) Standard Deviation
0 -1 .95 0.78
39 -4 .92 1.28
72 -6 .87 1.54
8 6 -7 .27 0 .76
Table 2.8: Relationship between vacuum level and mean shrinkage based on 
Palacos® R bone cement [33]
D u n n e  et a l [101] in v estig a ted  p o ro s ity  d iss im ila ritie s  b e tw een  v acu u m ed  and 
n o n -v acu u m ed  m ix ed  cem en t. D u n n e  et a l n o ted  th e  n o n -v acu u m  m ix ed  cem en t 
c rea ted  n u m ero u s  m ic ro p o res  an d  som e m acropores. T he la rg e r o f  the  
m ac ro p o re s  w ere  in  th e  o rd e r o f  0.5 m m  in  d iam eter. F ig u re  2 .13  illu stra tes a 
ty p ic a l sam p le  o f  n o n -v acu u m  m ix ed  b o n e  cem ent.
Figure 2.13: Typical sample o f non-vacuum mixed bone cement. Reprinted with
permission [45].
U p o n  co m p ariso n  w ith  v acu u m  m ix ed  cem ent, D un n e  et a l [101] no ted  a 
d ram a tic  red u c tio n  in  th e  n u m b er o f  m icro p o res , h o w ev er th e  m acro p o res  w ere
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s ig n ifican tly  larger, in  the  o rd er o f  1 to  3 m m  in d iam eter. F igure  2 .14  illustra tes 
a  ty p ica l sam p le  o f  vacuum  m ixed  b one  cem ent.
Figure 2.14: Typical sample o f vacuumed mixed cement. Reprinted with
permission [45].
W an g  et a l [104] sim ila rly  rep o rted  th a t vacuum  m ix in g  s ig n ifican tly  reduced  
m ic ro p o ro s ity  b u t no t all th e  v acu u m  m ix in g  system s inv estig a ted  w ere  
su ccessfu l in  rem o v in g  th e  la rger pores. R esearch  by G ilb e rt et a l [98] m ay 
ex p la in  th is  p h en o m en o n . G ilb ert et a l no ted  th a t th e  ex te rio r shell o f  the  
p o ly m eris in g  cem en t so lid ified  b efo re  th e  in terior. T h e y  n o ted  th a t w hen  the 
ex te rio r  su rfaces  o f  the  cem en t sam p les  w ere  free to  m ove  no  p o res  w ere  
o b serv ed . C o n v e rse ly  it w as n o ted  th a t w h en  the  ex te rio r su rfaces o f  the  cu ring  
ce m e n t sam p les  w ere  con stra in ed , p o re s  w ere  found  in  th e  cem en t. G ilb ert et al 
co n c lu d ed  th a t th e  ex te rna l co n stra in t on p o ly m eris in g  cem en t p layed  a 
s ig n if ican t p a rt in  th e  gen era tio n  o f  p o res  in bone cem ent. A ssu m in g  th a t the 
ex te rio r  shell o f  th e  p o ly m eris in g  cem en t m an tle  so lid ifies  b efo re  th e  interior, it 
w o u ld  ap p e a r th a t fo r n o n -v acu u m  m ix ed  cem ent, a p a rt o f  the  p o ly m erisa tio n  
sh rin k ag e  is ab so rb ed  b y  th e  s lig h t ex p an sio n  o f  th e  n u m ero u s m icropores. 
H o w ev e r fo r th e  v acu u m  m ix ed  cem en t, re la tiv e ly  few  p o re s  ex ist. D ue to  the 
p o ly m erisa tio n  sh rinkage , the  few  p o res  th a t ex is t g rea tly  in crease  in  size to  
ab so rb  th e  p o ly m erisa tio n  sh rinkage . T h is m ay  ex p la in  w h y  bo th  W ang  et al 
[104] an d  D u n n e  et a l [101] n o ted  n on-vacuum  m ix ed  ce m e n t p roduced
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n u m ero u s  m ic ro p o res  w ith  som e m acropores, w h ile  v acu u m  m ix ed  cem en t 
p ro d u ced  re la tiv e  few  m ic ro p o res  and  re la tiv e  large  m acropores.
M o n o m e r E v ap o ra tio n
A  n u m b e r o f  au th o rs  have  p resen ted  co m p u ta tio n a l o r ex p erim en ta l ev id en ce  th a t 
u n d e r c o n d itio n s  o f  o rth o p aed ic  surgery , tem p era tu res  in  th e  cem en t m an tle  m ay  
reach  a n d  ex ceed  100°C [8 , 40, 52, 71]. A t th ese  tem p era tu res  it has been 
h y p o th es ised  th a t an y  rem ain in g  m o n o m er th a t h as  e lu d ed  p o ly m erisa tio n  m ay 
ev ap o ra te  fo rm in g  pores. T h ese  m o n o m er po res, in  a fash ion  s im ila r to  a ir pores, 
w o u ld  red u ce  th e  d en s ity  o f  th e  o rth o p aed ic  cem en t thu s d im in ish in g  th e  cem en ts 
m e c h a n ic a l p ro p erties .
W ix so n  et a l [71] n o ted  th a t the  level o f  vacu u m  used  w as  an  im p o rtan t variab le  
w ith  re sp e c t to  m o n o m er evapora tion . W ix so n  et a l rep o rted  th a t by  increasing  
th e  v acu u m  leve l b ey o n d  80 k P a  (600  m m H g ) “th e  m o n o m er ten d ed  to  bo il and 
b u b b le  u p ” in tro d u c in g  m o n o m er p o res  to  th e  v isco u s  ce m e n t m ass. T h e  au tho rs 
c o n c lu d ed  a  v acu u m  level be tw een  66 .7  to  73 .3  k P a  (500  to  550 m m H g ) w as  the  
b es t c o m p ro m ise  be tw een  a ir  p o ro sity  rem o v a l and  the  su p p ress io n  o f  m o n o m er 
ev ap o ra tio n  a t m ix ing .
2.3.2 Stress-Locking
B o n e  c e m e n t re s id u a l s tre sses  are  fo rm ed  a fte r th e  cem en t has a tta ined  its 
p ro p e rtie s  as a  solid . D ue to  th e  h igh ly  n o n -lin ea r p o ly m erisa tio n  reac tio n  ra te  
an d  th e  la rg e  n u m b e r o f  v a riab le s  th a t e ffec t th is  p ro cess , th e  ex ac t m o m en t o f  
s tre ss-lo ck in g  is d iff ic u lt to  a sce rta in  [32], N o te  th a t som e so u rces  in  the 
lite ra tu re  u se  th e  te rm  “ stre ss-lo ck in g ” , w h ile  o th e r sou rces u se  the  w ord  
“ so lid if ica tio n ” to  d en o te  th e  m o m en t w h en  th e  b one  cem en t h a s  su ffic ien tly  
p o ly m erised  to  su sta in  a  stress. T he w o rd  “so lid ifica tio n ” m ay  im p ly  th a t the 
b o n e  ce m e n t has ab ru p tly  ch an g ed  from  a  liqu id  to  a  so lid , w h ic h  is n o t th e  case. 
A fte r  m ix in g  th e  bone cem en t it is qu ite  flu id , h o w ev e r o v er tim e  as 
p o ly m erisa tio n  p ro g re sse s  it beco m es p ro g ressiv e ly  m ore  e la stic  un til it has 
so lid if ied  en o u g h  to  su sta in  a  fo rce. T he te rm  “ stre ss-lo ck in g ” w ill be  u sed  in  th is
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th e s is  to  d en o te  th is  m o m en t w hen  th e  b o n e  cem en t has p o ly m erised  su ffic ien tly  
to  su sta in  a  stress.
E x p e rim en ta l w o rk  by  A h m ed  et a l [65] rep o rted  th e  in itia l d ev e lo p m en t o f  stress 
to  co in c id e  “rem ark ab ly  w ell w ith  th e  o n se t o f  th e  rap id  rise  in tem p era tu re” and 
c o n c lu d ed  th a t th e  vo lu m e a lte ra tion  th a t o ccu rred  a fte r th e  o n se t o f  th e  rap id  rise  
in  tem p era tu re  w o u ld  be  resp o n sib le  fo r th e  gen era tio n  o f  re s id u a l stresses. 
D eb ru n n e r et a l [97] lik ew ise  rep o rted  th a t b one  cem en t rem ain ed  su ffic ien tly  
p a s te -lik e  u p  un til th e  tim e  o f  rap id  rise  in  cem en t tem pera tu re .
W helan  et a l [105] used  op tica l fib re  b ragg  g ra tin g  sen so rs  to  id en tify  the  
m o m en t a t  w h ic h  b one  cem en t w as  firs t ab le  to  su sta in  a  stra in . T h e  first 
o ccu rren ce  o f  s tra in  w as n o ted  to  o ccu r ap p ro x im ate ly  a t th e  a tta in m en t o f  
m ax im u m  ce m e n t tem p era tu re . R o q u es et a l [34] cu red  b one  cem en t abo u t a 
s ta in less  steel tu b e . O n th e  in ternal su rface  o f  th e  sta in less  tu b e  stra in  gauges 
w ere  a ttach ed . B y  m o n ito rin g  bo th  s tra in  and  tem p era tu re  d u rin g  cem ent 
p o ly m erisa tio n , th e  firs t s ig n ifican t m easu rem en t o f  s tra in  app rox im ate ly  
co in c id ed  w ith  th e  a tta in m en t o f  p eak  cem en t tem p era tu re . F ig u re  2.15 
g rap h ica lly  re p re se n ts  a  s tra in  and  tem p era tu re  v e rsu s tim e  re su lt m easu red  by 
R o q u es  et a l [34],
S tach iew icz  et a l [106] n o ted  th a t th e  h a rd en in g  o f  bo n e  cem en t o ccu rred  in  the  
fina l s tage  o f  p o ly m erisa tio n  and  co in c id ed  ap p ro x im ate ly  w ith  th e  a tta in m en t o f  
m a x im u m  tem p era tu re . H o lm  [39] rep o rted  th a t the  in itia tio n  o f  re s id u a l stress 
co in c id ed  w ith  th e  a tta in m en t o f  p e a k  cem en t tem p era tu re . C o n sid e rin g  th e  en tire 
b o d y  o f  ev id en ce , it seem s th a t the  early  find ings by  D eb ru n n e r et a l [97] and 
A h m ed  et a l [65] (1976  an d  1982 respec tive ly ) w ere  in accu ra te  an d  th a t stress- 
lo ck in g  ap p ro x im a te ly  co in c id es  w ith  th e  a tta in m en t o f  p eak  cem en t tem pera tu re .
2 .3 .3  T r a n s i e n t  N e t  V o lu m e  A l t e r a t i o n
A  n u m b e r o f  au th o rs  h av e  p o stu la ted  th a t th e  cessa tio n  o f  p o ly m erisa tion  
ap p ro x im a te ly  co in c id es  w ith  the a tta in m en t o f  p eak  tem p era tu re  [8 , 105-107].
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Figure 2.15: Strain (left axis) and temperature (right axis) trace versus time fo r
F ro m  th is  it h a s  been  hy p o th esised  th a t th e  p o ly m erisa tio n  sh rinkage and  all 
th e rm a l ex p an sio n  e ffec ts  m ay  be ignored , due  to  th e  in ab ility  o f  th e  cem en t 
m ass  to  su s ta in  a  s tress [33]. D ue to  th e  a fo rem en tio n ed  dedu ctio n s, m o st au tho rs 
th a t co m p u te  cem en t re s id u a l stresses co n sid e r th e rm a l sh rin k ag e  e ffec ts  alone 
[8 , 32, 33, 107, 108]. F ig u re  2 .1 6  illu stra tes a  ty p ica l tem p era tu re  and  frac tion  o f  
p o ly m erisa tio n  v e rsu s  tem p era tu re  plot.
R esea rch  b y  O rr et a l [33] h as  cast dou b t as to  w h e th e r all th e  p o ly m erisa tion  
sh rin k ag e  h as  o ccu rred  by  the  tim e  the  cem en t m ass h as  a tta in ed  its p roperties as 
a  solid . O rr et a l [33] rep o rted  longer p re lo ad  c rack s p ro d u ced  fo r v acu u m  m ixed  
cem en t o v e r n o n -v acu u m  m ix ed  cem ent, fo r cem en t sam p les  th a t und erw en t 
id en tica l th e rm al ch an g es. O n  th is  basis, h ig h er re sid u a l s tresses have been  
p o stu la ted  fo r  v acu u m  m ix ed  cem ent. A s b o th  cem en t sam p les  und erw en t the 
sam e tem p era tu re  ch an g e , it w as postu la ted  th a t p o ly m erisa tio n  sh rinkage  m ay 
p lay  a ro le  in th e  c rea tio n  o f  residual stress.
polymerising CMW ® 1 bone cement. Adaptedfrom Roques et a l [34].
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Figure 2.16: A  typ ica l p lo t relating polym erisation fraction  and polym erisation  
temperature with time. Adapted from  Lennon et a l [107],
2.4 Residual Stress Studies
P u b lis h e d  re s id u a l  s tre s s  s tu d ie s  c a n  b e  c a te g o r is e d  in to  th re e  s tra n d s ; 
m a th e m a tic a l  s tu d ie s , f in i te  e le m e n t s tu d ie s  a n d  e x p e r im e n ta l  s tu d ie s .
2.4.1 Mathematical Studies
S ta c h ie w ic z  et a l [1 0 6 ] d e r iv e d  a n  m a th e m a tic a l  e x p re s s io n  to  o b ta in  a n  e s tim a te  
o f  th e  h o o p  s tre s s e s  p ro d u c e d  in vivo. T o  re p re s e n t  th e  s te m  a  re la t iv e ly  
u n y ie ld in g  so lid  s te e l c o re  w a s  a ssu m e d . T o  re p re s e n t  th e  c e m e n t m a n tle , a  b o n e  
c e m e n t c y l in d e r  w a s  a s su m e d . F e m o ra l  e f fe c ts  w e re  ig n o re d . B a s e d  o n  th e  
a s s u m p tio n  th a t  b o n e  c e m e n t o b e y e d  H o o k e ’s la w , S ta c h ie w ic z  et a l d e r iv e d  
E q u a t io n  2 .2 . T h is  e q u a tio n  c a lc u la te d  th e  h o o p  s tre s s  a t th e  s te m -c e m e n t 
in te r fa c e .
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W here
(2.3)
T h e su b sc rip ts  “c ” an d  “s ” rep resen t cement an d  stem resp ec tiv e ly , w h ile  “ S” 
rep resen ts  p e rc e n ta g e  v o lu m e  sh rinkage. T ab le  2 .9  su m m arise s  re su lts  based  on  a 
c e m e n t’s Y o u n g ’s m o d u lu s  o f  2.1 G P a, ce m e n t’s P o is so n ’s ra tio  o f  0 .3 , s te m ’s 
Y o u n g ’s m o d u lu s  o f  193 G Pa, s tem ’s P o isso n ’s ra tio  o f  0.3 an d  a d iam ete r ra tio  
o f  1.5. F o r th e  d iam e te r  ra tio  ca lcu la tions, a  sh rinkage  o f  2 .2 %  w as assum ed.
V a r ia b le M a x . T e n s ile  H o o p  S tre s s  (M P a )
S =  1% 6 .17
S =  2 % 12.34
S =  3% 18.51
R  =  1 15.5
R =  1.5 13.6
R  =  2 13.1
Table 2.9: Calculated residual hoop stresses based on Equation 2.2, developed
by Stachiewicz et a l [106]
S tach iew icz  et a l [106] a lso  investiga ted  the  m ag n itu d e  o f  v o lu m etric  sh rinkage 
due  to  th e rm a l co o lin g . S tach iew icz  estab lished  th a t a  1%  v o lu m etric  sh rinkage 
o ccu rred  fo r  ev e ry  50°C  tem p era tu re  drop. T hus fo r  a p u re  th e rm al sh rinkage 
from  87°C to  b o d y  tem p era tu re , S tach iew icz  et a l p re d ic te d  a  th e rm al ho o p  stress 
o f  6.2 M Pa.
O rr et a l [33] s im ila rly  dev e lo p ed  a m ath em atica l rep re sen ta tio n  o f  a  cem en t 
c y lin d e r sh ru n k  a b o u t a  so lid  steel core. L ikew ise , fem o ra l e ffec ts  w ere  ignored. 
F ro m  L a m é ’s eq u a tio n s , th e  au tho rs derived  an  ex p re ss io n  to  ca lcu la te  the
c ircu m feren tia l s tress a t the  s tem -cem en t in terface, a ssu m in g  p lane  stress 
cond itions, (E q u a tio n  2 .4).
E„ S 1 + R 
1 - R 2
2 A E c / \ 1 +  i ? 2
—  (v - 1 ) -  v .  + ---------E  \ s ) ! — R (2 .4)
T h erm al sh rin k ag e  “ S” w as defined  by:
S = 3 (« , ( r „ - r . ) - a , ( 2 ’, -7 ', ) )  (2.5)
W here “T ” d eno tes temperature and  the  su b scrip t “ a” d en o tes  ambient. B ased  on  
E q u a tio n  2.4 , th e  au th o rs  ca lcu la ted  th e  p eak  c ircu m feren tia l res id u a l stresses fo r 
v acu u m ed  an d  n o n -v acu u m ed  cem en t a t the  s tem -cem en t in terface  o v er a 
tem p era tu re  ran g e  o f  60 to  140°C. B o n e  ce m e n t m a te ria l p roperties 
rep resen ta tiv e  o f  Palacos®  R  b one  cem en t w ere  assum ed , n am ely  a  P o is so n ’s 
ra tio  o f  0 .455 , th e rm a l ex p an sio n  co e ffic ien t o f  8  x  10'5oC '1, Y o u n g ’s m odu lus o f  
2.11 G P a  fo r n o n -v acu u m  m ix ed  cem ent, an d  2 .65  G P a  fo r v acu u m  m ix ed  
cem en t. F ig u re  2 .17  illu stra te s  th e  residual s tress resu lts  b ased  on  E q uation  2.4.
D ue to  lo ad  b ea rin g  ac tiv ities , such  as w alk ing , ax ia l load s w ill b e  induced  in the  
cem en t m an tle . F o r th is  reaso n  O rr et a l [33] ad ap ted  E q u a tio n  2 .4  to  consider 
p lan e  s tra in  co n d itio n s, as th is  co n d itio n  m ay  be  m o re  rep resen ta tiv e  o f  in vivo 
co n d itio n s  (E q u a tio n  2 .6).
°oc = E c
2 ( l - v )
1 + R 2  ^
V1 ~ R ‘ j
2 A'E  / \ 1 +  R
—  (v - \ ) - v c + ---------
E . ’  1 - R 2
(2 .6 )
B ased  on  E q u a tio n  2 .6 , c ircu m feren tia l s tresses in th e  ran g e  o f  22 to  70 M P a 
w ere  ca lcu la ted  o v e r a  60 to  140°C tem p era tu re  ran g e . T h e  au th o rs  also  
es tab lish ed  a  m a th em a tica l re la tio n sh ip  be tw een  th e  level o f  v acu u m  and  
re su ltan t re s id u a l s tresses . A p p ly in g  m easu red  sh rinkages to  th e ir  m athem atica l
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Figure 2.17: C ircum ferential residual stresses (MPa) versus temperature (°C) 
[33]. So lid  line represents non-vacuumed cement. Dashed line represents
vacuumed cement.
m o d e l, h o o p  re s id u a l  s tre s s e s  o f  2 0  to  8 8  M P a  w e re  c a lc u la te d  fo r  v a c u u m  le v e ls  
o f  0  to  7 2  k P a  re sp e c tiv e ly .
2.4.2 Finite Element Studies
H u is k e s  a n d  D e  W ijn  [1 0 9 ] c a lc u la te d  re s id u a l s tre s s  m a g n itu d e s  b a s e d  o n  a  
p la n e  s tra in  a x is y m m e tr ic  m o d e l o f  a  c e m e n t c y lin d e r  a b o u t a  r ig id  s tem . 
F e m o ra l  e f fe c ts  w e re  ig n o re d . T h e  a u th o rs  a s s u m e d  a  c e r ta in  te m p e ra tu re  
d is t r ib u t io n  a t  th e  m o m e n t  o f  s tre s s - lo c k in g . T h e  te m p e ra tu re  p ro f i le  a s s u m e d  
th a t  th e  in te r io r  o f  th e  c e m e n t m a n tle  a t ta in e d  a  h ig h e r  te m p e ra tu re  th a n  th e  
e d g e s . F ig u re  2 .1 8  il lu s tra te s  a  ty p ic a l  te m p e ra tu re  d is tr ib u tio n  a ssu m e d .
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Figure 2.18: Typical change in temperature distribution assumed by Huiskes and
De Wijn [109]
T h e  b o n e  ce m e n t w as  assu m ed  to  have  a  Y o u n g ’s m o d u lu s  o f  2 G Pa, P o isso n ’s 
ra tio  o f  0.3 an d  a  c o e ffic ien t o f  therm al ex p an sio n  o f  5 x  lO '^ C '1. T h e  au thors 
c o m p u ted  a  rad ia l co m p ressio n  stress a t th e  s tem -cem en t in terface  o f  
ap p ro x im a te ly  2 .5  M P a  an d  a  ten sile  hoop  stress o f  a p p ro x im a te ly  3.5 M P a  at 
ap p ro x im a te ly  th e  cen tre  o f  th e  cem en t m antle . F ig u re  2 .1 9  illu stra tes a  typ ica l 
re su lt repo rted .
A h m ed  et a l [110] c o n d u c ted  an  ax isym m etric  F E A  s tu d y  co n sis tin g  o f  th ree 
co ax ia l cy lin d ers  to  eva lu a te  th e  e ffec t o f  can ce llo u s o r  co rtica l bone a t the  
cem en t-b o n e  in te rface . T o  m odel the p resen ce  o f  can ce llo u s bone, a bonded  
cem en t-b o n e  in te rface  w a s  assum ed. T o  m o d e l th e  p resen ce  o f  co rtical bone, a 
d eb o n d ed  cem en t-b o n e  in te rface  w as assum ed . S im ila r to  H u isk es  and  D e  W ijn 
[109], a  tem p era tu re  d is trib u tio n  w as assu m ed  a t th e  m o m en t o f  s tress-locking . 
H o w ev er, co n tra ry  to  re c e n t p rac tice , the  au th o rs  a ssu m ed  stress-lo ck in g  to  occur 
a t  th e  o n se t o f  th e  ra p id  rise  in  cem en t tem p era tu re , n o t th e  peak . F o r the 
co n d itio n  o f  ca n c e llo u s  bone, a  rad ia l d isp lacem en t o f  up  to  15 (j.m w as 
ca lcu la ted  a t th e  s tem -cem en t in terface. R esid u a l s tresses v a ried  b e tw een  ±2 
M P a, d ep en d en t on  in te rface  condition .
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Figure 2.19: Typical residual stress result by Huiskes and De Wijn [109]
M an n  et a l [111] in v estig a ted  th e rm al sh rinkage  effec ts  b ased  on an 
ax isy m m etric  m o d el, rep re sen ta tiv e  o f  a  b one  cem en t cy lin d e r abo u t a  so lid  
titan iu m  allo y  stem . F em o ra l effec ts  w ere  n o t in c lu d ed . T h e  bone cem en t 
m a te ria l w as  assu m ed  to  h a v e  a Y o u n g ’s m o d u lu s o f  2 .2  G P a, P o is so n ’s ra tio  o f
0.3 an d  a  c o e ffic ien t o f  th e rm al ex p an sio n  o f  4 .7  x  10 '5oC ' .  T he m o d e l consisted  
o f  91 e lem en ts. A  u n ifo rm  th e rm al d iffe rence  o f  -60°C  w a s  ap p lied  to  the  en tire  
b o n e  cem en t cy lin d er. R esu lts  rev ea led  a  m ax im u m  te n s ile  lo n g itud ina l stress o f  
a p p ro x im a te ly  6 .0  M P a, m ax im u m  tensile  hoop  stress o f  ap p ro x im ate ly  5.5 M Pa, 
and  fin a lly  a  co m p ress iv e  rad ia l s tress  o f  a p p ro x im a te ly  -3 M P a  a t the stem - 
cem en t in te rface. C o m p arin g  th e ir  fin ite  e lem en t re su lts  w ith  p rev ious 
ex p erim en ta l find ings, th e  au tho rs estim ated  th e  c o e ffic ien t o f  fric tion  betw een  
th e  stem  an d  b o n e  c e m e n t m an tle  to  be  betw een  0.25 to  0 .35.
L en n o n  and  P re n d e rg a s t [32] deve loped  a fin ite  e le m e n t m o d e l to  com pute  
tran s ien t tem p era tu re  d is trib u tio n s  and  residual s tresses . T h e  3 -D  fin ite  e lem en t 
m o d e l w as b a se d  on  a  p rev io u s  experim en ta l m o d e l th a t  investig a ted  d am age 
accu m u la tio n . T h e  m o d e l co n sis ted  o f  a  m edia l and  la te ra l s trip  o f  bone cem ent
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en cased  b e tw een  a  strip  o f  bov ine  cance llo u s bone an d  a  rep resen ta tiv e  stem . T he 
system  w as h e ld  to g e th e r by  tw o  a lum in ium  su p p o rt fram es. T h ese  a lum in ium  
fram es in tu rn  co n ta in ed  w in d o w s th a t perm itted  th e  ce m e n t to  be  v iew ed, 
(F igu re  2 .20 ). N o te  th a t a lth o u g h  a  th ree  d im en sio n a l fo rm u la tio n , the  m odel w as 
e ssen tia lly  tw o  d im en sio n a l in  character, and  did  n o t tak e  in to  acco u n t the 
d ev e lo p m en t o f  h o o p  stress.
A  lum in  ium  supp o rt fram e
Figure 2.20: Schematic o fF E  model employed by Lennon and Prendergast [32] 
to compute residual stresses. Image adapted from Lennon and Prendergast [32].
L ennon  an d  P re n d e rg a s t [32] in itia lly  con d u cted  a  tra n s ie n t th e rm a l analysis  to  
a sce rta in  the  te m p e ra tu re  d is tribu tion  a t th e  m o m en t o f  assu m ed  stress-locking . 
T o  im p lem en t th is , th e  au th o rs  based  the  cem en t g en e ra tio n  o f  h ea t during  
p o ly m erisa tio n  o n  a  th e o re tic a l m o d e l deve loped  by  B a lig a  et a l [55]. B a lig a  et a l 
[55] dev e lo p ed  an e x p re ss io n  (E quation  2 .7 ) th a t d esc rib ed  th e  h ea t p roduced  
d u rin g  p o ly m e risa tio n  as a  fu nc tion  o f  tem p era tu re  an d  frac tio n  o f  m onom er 
po ly m erised , w h e re  Sp rep resen ts  the  rate  o f  h ea t g en era ted  by  th e  b one  cem ent 
d u rin g  its p o ly m erisa tio n , R  is a  function  o f  the  in s tan tan eo u s  local tem pera tu re , 
y? rep resen ts  th e  d eg ree  o f  po ly m erisa tio n  and  w h e re  m an d  n are constan ts  
in d ep en d en t o f  tem p era tu re .
•Bone cem ent m antle
Stem
Bone
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Sp =RJ3m( 1 -f i ) (2.7)
R esu lts  from  th e  th e rm al an a ly sis  by  L ennon  an d  P ren d erg ast [32] p red ic ted  the 
m id d le  o f  th e  cem en t lay e r to  ex h ib it a  g rea te r and  m o re  ra p id  rise  in  tem pera tu re  
th an  th e  cem en t n e a r th e  in terfaces. A  p eak  tem p era tu re  o f  53°C  w as  p red ic ted  at 
the  cen tre  o f  th e  ce m e n t m antle , a  p eak  tem p era tu re  o f  30°C  w a s  p red ic ted  for 
the  s tem -cem en t in te rface  an d  a  p eak  tem p era tu re  o f  42°C  w as p red ic ted  fo r the 
cem en t-b o n e  in te rface. T h e  au th o rs  a lso  n o ted  th a t th e se  lo ca tio n s d id  no t reach  
th e ir  p e a k  tem p era tu re  a t th e  sam e tim e. A  38 seco n d  in te rv a l ex is ted  betw een  
th e  firs t e lem en t th a t a tta in ed  p eak  tem pera tu re , ( lo ca ted  a t th e  cen tre  o f  the 
cem en t m ass) an d  the  last e lem en t th a t a tta ined  p eak  tem p era tu re , (located  at the 
s tem -cem en t in te rface). T h e  m odel ca lcu la ted  co m p le te  p o ly m erisa tio n  to  occur 
a lm o s t s im u ltan eo u sly  a t  697  seconds. H o w ev er th e  p e a k  tem p era tu re  w as 
p red ic ted  a t 536  seconds, som e 161 seconds (2 .7  m in u tes) b e fo re  com plete  
p o ly m erisa tio n . A s  a  co n seq u en ce , th e  au tho rs co n d u c ted  tw o  an a ly ses  fo r the 
ca lcu la tio n  o f  re s id u a l stress. O n e  based  on the  a ssu m p tio n  th a t s tress-lock ing  
occu rred  w ith  th e  a tta in m en t o f  p eak  tem p era tu re , i.e. ap p ro x im ate ly  536 
seconds, an d  an o th e r b ased  o n  th e  a ssu m p tio n  tha t s tre ss-lo ck in g  o ccu rred  a t the 
en d  o f  p o ly m erisa tio n , i.e . ap p ro x im ate ly  697 seconds. A ssu m in g  stress-lock ing  
o ccu rred  a t th e  p e a k  tem p era tu re  d u rin g  p o ly m erisa tio n , th e  m ax im u m  p rinc ipa l 
s tre sses  ran g ed  from  4  to  7 M P a. A ssu m in g  s tre ss-lo ck in g  o ccu rred  a t th e  end  o f  
po ly m erisa tio n , th e  m ax im u m  p rin c ip a l s tresses ranged  from  1 to  2 M Pa.
L i et a l [108] co m p u ted  re s id u a l stresses based  on  cy lin d rica l rep resen ta tive  
geom etries. T o  rep re sen t the  stem , a  so lid  c y lin d e r o f  d iam e te r 16 m m  w as 
assum ed . A b o u t th is  a  5 m m  th ic k  cem en t m an tle  w as  assum ed . F inally , about 
th e  cem en t m an tle  an  8  m m  th ic k  cy linder, rep resen ta tiv e  o f  th e  fem ur w as 
assum ed . S im ila r to  L ennon  an d  P ren d erg ast [32], th e  n u m erica l m odel th a t 
d esc rib ed  th e  h ea t p ro d u c tio n  d u ring  p o ly m erisa tio n  w as  a  fu nc tion  o f  
tem p era tu re  a n d  frac tio n  o f  m o n o m er p o lym erised . L i et a l [108] repo rted  
m ax im u m  ho o p  stre sses  o f  15 M P a, ax ia l s tresses o f  10 M P a  an d  rad ia l stress o f  - 
5 M Pa. H o w ev e r th e  tem p era tu re  p ro file  a t the  m o m en t o f  s tre ss-lo ck in g  w as  no t 
specified .
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2.4.3 Experimental Studies
E x p e rim en ta l s tud ies in  the  lite ra tu re  m ay  be  ca teg o rised  in to  tw o  strands, 
n am ely , in v estig a tio n s to  d e te rm in e  i f  res id u a l s tresses are  su ffic ien t to  induce 
frac tu re  d am ag e  in  u n lo ad ed  bone  cem en t m antles, an d  investig a tio n s w h ich  
e n d eav o u r to  q u an tify  th e  bone  cem en t resid u a l stresses.
F r a c tu r e  D a m a g e
W h ile  in v es tig a tin g  m ic ro d am ag e  accu m u la tio n , M c C o rm a c k  and  P rendergast 
[29] n o ted  the  o ccu rren ce  o f  frac tu re  d am age in  the  bone cem en t m an tle  p rio r to  
an y  m ech an ica l load ing . T h e  au th o rs  reco rd ed  118 c rack s from  6  spec im ens and 
n o te d  th a t all th e  p re -lo ad  c rack s em an ated  from  p o res  w ith in  th e  bu lk  cem ent. 
U n d e r cy c lic  load ing , th e se  p re -lo ad  c rack s g rew  and  w ere  m o re  sig n ifican t after 
5 m illio n s  cy c les  th an  lo ad -in itia ted  cracks.
L en n o n  and  P ren d e rg as t [32] p o stu la ted  th e  p re -lo ad  c rack s observed  by  
M cC o rm ack  an d  P ren d e rg as t [29] w ere  th e  co n seq u en ce  o f  cem en t residual 
stresses. T h e  au th o rs  sp ec ifica lly  looked  fo r  th e  o ccu rren ce  o f  p re lo ad  cracks 
ov er 5 ex p e rim en ts  b ased  on  th e  experim en ta l rig  as illu s tra ted  in  F igu re  2.20. 
H an d  m ix ed  Sim plex®  R ap id  cem en t w as u tilised  fo r  a ll ex p erim en ts. R esu lts  
rev ea led  p re lo ad  c rack s o ccu rred  in  a lm o st ev e ry  reg io n  o f  th e  cem en t m antle  fo r 
a ll 5 ex p erim en ts . T he au th o rs  n o ted  th a t the  c racks w ere  p red o m in an tly  o rien ted  
n o rm a l to  the  in te rfaces  and  in  som e in stances th e  c rack s w ere  com p le te  across 
th e  m an tle . T h e  au th o rs  con c lu d ed  th a t res id u a l s tresses co u p led  w ith  stress 
co n cen tra to rs  to  h av e  su ffic ien t s tress to  fo rm  cracks in  th e  cem en t m an tle  p rio r 
an y  fu n c tio n a l load ing .
O rr el a l [33] in v es tig a ted  w h e th e r th e rm al co o lin g  a lo n e  from  th e  m o m en t o f  
s tre ss-lo ck in g  w as su ffic ien t to  fo rm  cracks in  b one  cem en t. T o  rep resen t the  
stem , a  31 6 L  s ta in less  stee l N o . 2 M orse tap e r m an d re l w as u tilised . T o  rep resen t 
th e  ce m e n t m an tle , r in g s  o f  Palacos®  R  bone  cem en t w e re  p roduced . T he cem en t 
rin g s  w e re  30 m m  in  o u ts id e  d iam eter, in te rn a lly  ream ed  to  f i t  the  M o rse  tap e r 
an d  7 m m  th ick . F em o ra l e ffec ts  w ere  igno red  in th e  m o d e l. T o  m im ic  the 
th e rm al co o lin g  e ffec ts  a fte r stress-lock ing , each  p rep o ly m erised  cem en t ring
57
w a s  h e a te d  in  a n  o v e n  to  a  p re d e f in e d  te m p e ra tu re . T h e  c e m e n t r in g  w a s  
a s s e m b le d  to  th e  M o rs e  ta p e r  a n d  th e  a s s e m b ly  p la c e d  in  a  th e rm o s ta t ic a l ly  
c o n tro lle d  w a te r  b a th  a t 3 7 °C . A f te r  2 4  h o u rs  th e  b o n e  c e m e n t r in g  w a s  re m o v e d  
f ro m  th e  M o rs e  ta p e r  a n d  e x a m in e d  u s in g  a  sc a n n in g  e le c tro n  m ic ro s c o p e . F ig u re  
2 .2 1  il lu s tra te s  th e  N o . 2  M o rs e  ta p e r  w ith  a  b o n e  c e m e n t r in g  a s se m b le d .
Figure 2.21: No.2 Morse taper mandrel with an acry lic  bone cement ring  
assembled. Reprinted w ith perm ission o f  O rr et a l [33].
T o  in v e s tig a te  w h a t  e f fe c t  d if fe re n t  s tre s s - lo c k in g  te m p e ra tu re s  m a y  h a v e , th e  
e x p e r im e n t w a s  r e p e a te d  a t d if fe re n t  a s s e m b ly  te m p e ra tu re s  i.e . 6 0 , 8 0 , 1 0 0  a n d  
120°C . T o  in v e s tig a te  i f  v a c u u m  m ix in g  h a d  a n  e ffe c t, th e  e x p e r im e n t w a s  
re p e a te d  u s in g  c e m e n t s a m p le s  c re a te d  f ro m  a tm o s p h e r ic  m ix in g  c o n d itio n s  a n d  
c e m e n t r in g s  p ro d u c e d  f ro m  d if fe re n t  v a c u u m  le v e ls  i.e . 3 9 , 7 2  a n d  8 6  k P a . 
R e s u lts  re v e a le d  c ra c k s  w e re  p re s e n t  in  a ll s a m p le s  a s s e m b le d  a n d  c o o le d  f ro m  
80 °C  a n d  a b o v e . O n  e x a m in a tio n  o f  th e  c ra c k  le n g th s , i t  w a s  o b s e rv e d  th a t  th e  
c e m e n t s a m p le s  a s s e m b le d  a t h ig h e r  te m p e ra tu re s  p ro d u c e d  lo n g e r  c ra c k s . 
R e s u lts  a lso  re v e a le d  th a t  s a m p le s  c re a te d  w ith  g re a te r  v a c u u m  le v e ls  p ro d u c e d  
lo n g e r  c ra c k s . T h e  in d u c e d  c ra c k s  ra d ia te d  p re d o m in a n tly  f ro m  th e  c e m e n t-  
M o rs e  ta p e r  in te r fa c e , in  a  d ire c t io n  p e rp e n d ic u la r  to  in te r fa c e , as i l lu s tra te d  in
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F ig u re  2 .2 2 . F ro m  th is  th e  a u th o rs  p o s tu la te d  th a t  te n s i le  h o o p  s tre s se s  w e re  th e  
d o m in a n t r e s id u a l s tre s s  g e n e ra te d  in  th is  e x p e r im e n t.
F igure 2.22: Typical crack found by O rr et a l [33] due to thermal cooling.
Reprinted w ith perm ission.
R o q u e s  et a l [34] e m p lo y e d  a c o u s tic  e m is s io n  te c h n iq u e s  to  “ l is te n ”  to  
p o ly m e r is in g  c e m e n t to  in v e s t ig a te  th e  p o s s ib le  r e s id u a l  s tre s s  r e l ie f  
m e c h a n is m s . T h e  a c o u s tic  e m is s io n  s e n s o r  w a s  a p p lie d  to  th e  in s id e  o f  a  h o llo w  
s ta in le s s  s te e l tu b e  125 m m  lo n g , 12 m m  in  e x te rn a l d ia m e te r  a n d  1 m m  th ic k . 
A b o u t th is  s te m  a  2  m m  th ic k  C M W ®  1 c e m e n t m a n tle  w a s  p o ly m e r is e d . T h e  
a u th o rs  r e p o r te d  e v id e n c e  o f  b o th  c ra c k in g  a n d  s lid in g , a f te r  th e  c e m e n t h a d  
re a c h e d  p e a k  te m p e ra tu re .
Residual Stress Quantification
T h e  e a r l ie s t  w o rk  fo u n d  in  th e  p u b lis h e d  li te ra tu re  th a t  a t te m p te d  th e  
m e a s u re m e n t  o f  t r a n s ie n t  a n d  r e s id u a l  s tra in s  d u e  to  b o n e  c e m e n t p o ly m e r is a t io n  
w a s  b y  A h m e d  et a l [65] in  1 9 8 2 . T h e  a u th o rs  c o rre la te d  th e  th e rm a l h is to ry  o f  
p o ly m e r is in g  b o n e  c e m e n t w i th  th e  re s id u a l  s tra in  h is to ry . T o  a c h ie v e  th is , tw o  
s tr a in  g a u g e s  w e re  a p p lie d  to  th e  in n e r  su rfa c e  o f  a  s ta in le s s  s te e l tu b e , 2 1 .4  m m  
o u ts id e  d ia m e te r  a n d  1 .2  m m  th ic k  to  m e a su re  h o o p  s tra in . T h e rm o c o u p le s  w e re
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b o n d ed  b esid e  th e  stra in  gauges to  m easu re  tem p era tu re . S ta in less steel beads o f  
1 0 0  (j.m w ere  s in te red  to  th e  o u ts id e  o f  th e  tu b e  to  en su re  a  m ech an ica l lock  at 
th e  s tem -cem en t in terface. T h is in stru m en ted  cy lin d er w as  used  to  rep resen t the 
stem . T o  rep re sen t th e  fem ur, a  c y lin d e r o f  card b o ard  37 .4  m m  in  in ternal 
d iam eter, slit ax ia lly  a t 90 deg ree  in te rva ls  and  h e ld  in  shape b y  ru b b e r bands 
w a s  em p lo y ed . T h is  resu lted  in  an  8 m m  th ic k  bone cem en t m an tle  b e tw een  the 
in stru m en ted  stem  an d  ca rd b o ard  m o u ld . F ro m  4 ex p erim en ts , the  o n se t o f  
re s id u a l s tra in  w a s  rep o rted  to  co rresp o n d  w ith  th e  o n se t o f  ra p id  rise  in  cem ent 
tem p era tu re . T h e  p e a k  s tress o f  + 1 .8  M P a  m easu red  in  th e  stem  w as  rep o rted  to 
co in c id ed  w ith  th e  m o m en t o f  p e a k  tem p era tu re  in th e  cem ent. O n e  h o u r a fte r the 
m ix in g  o f  the  cem ent, a  re s id u a l stress o f  -0.5 M P a w as  rep o rted . B earing  in 
m in d  th a t it  is  n o w  k n o w n  th a t b o n e  cem en t rem a in s  p a s te  like  un til the 
ap p ro x im a te  p e a k  in  tem p era tu re  (S ec tio n  2 .3 .2), it is lik e ly  th a t th erm ally  
in d u ced  ap p a ren t stra ins in  the  s tra in  g auges w ere  th e  p rim ary  sou rce  fo r the  
re g is tra tio n  o f  s tress a t the  o n se t o f  tem p era tu re  rise  an d  th e  o ccu rren ce  o f  peak  
stress  a t th e  m o m en t o f  p eak  tem p era tu re . T h e  m easu rem en t o f  -0 .5  M P a one 
h o u r a fte r  th e  in itia tio n  o f  m ix in g  is m o s t like ly  to  b e  c red ib le  as th e  assem bly  
w o u ld  h av e  re tu rn ed  to  am b ien t tem p era tu re .
N u n o  an d  A m a b ili [38] c rea ted  4  b o n e  cem en t cy lin d ers  o f  20  m m  inside 
d iam ete r, 30 m m  o u ts id e  d iam ete r an d  140 m m  long ab o u t a  rep resen ta tiv e  stem  
an d  fem ur. O n  rem o v a l o f  the  ce m e n t cy lin d er from  th e  stem , the  au th o rs  no ted  a 
d iam etrica l sh rinkage . T h e  au th o rs  b o n d ed  4  triax ia l ro se tte s  s tra in  g auges to  the 
ex te rn a l su rface  o f  the  cem en t m an tle  an d  re in tro d u ced  the  stem . F ro m  4 tests, 
th e  m easu red  h o o p  s tra in s  ran g ed  from  1402 |ie  to  2240  (is. N u n o  and  A m abili 
[38] d id  n o t ca lcu la te  a s tress ran g e  from  th is, h o w ev er a ssu m in g  a  Y o u n g ’s 
m o d u lu s  o f  2 .65  G P a, th is  rep resen ted  a  stress o f  ap p ro x im ate ly  3 to  6  M Pa.
L i et a l [108] m easu red  th e  re s id u a l s tresses o f  p rep o ly m erised  b o n e  cem ent 
rin g s co o led  ab o u t an  a lu m in iu m  th ic k  w a lled  cy lin d er based  on  th e  p h o toe lastic  
m ethod . T h e  o u te r d iam e te r o f  th e  a lum in ium  cy lin d er w a s  33 m m  and  w as 7 
m m  th ick . T h e  o u te r d iam e te r o f  th e  cem en t rin g  w a s  61 m m . R esid u a l stresses 
o f  ap p ro x im ate ly  6  M P a  w ere  repo rted .
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In  a  s im ila r  m an n e r to  A hm ed  et a l [65], R o q u es et a l [34] reco rded  
p o ly m erisa tio n  in d u ced  stra in  and  cem en t tem p era tu re  v e rsu s tim e  for 
p o ly m eris in g  CM W ® 1 b one  cem en t. T o  rep re sen t th e  stem , a  h o llo w  po lished  
s ta in le ss  stee l tu b e  125 m m  long, 12 m m  in  ex te rn a l d iam e te r an d  1 m m  th ick  
w as  u tilised . O n  th e  in te rna l su rface  o f  th e  sta in less stee l tu b e , s tra in  g auges w ere 
a ttach ed  to  fo rm  a fu ll W h eats to n e  b rid g e  circu it. T w o  k -ty p e  th e rm o co u p les  
w ere  se t o n to  th e  stem  besid e  the  s tra in  g auges to  m o n ito r  tem p era tu re . To 
rep re sen t th e  fem ur, a  co m p o site  fem u r b y  S aw bones E u ro p e  A B  (M alm o, 
S w eden) o f  16 m m  in ternal d iam ete r w as u tilised . CM W ® 1 b o n e  cem en t w as 
m ix ed  u n d e r a tm o sp h eric  con d itio n s and  ad d ed  to  th e  system  to  fo rm  th e  cem ent 
m an tle . F ro m  7 ex p erim en ts , resid u a l s tra in  m easu rem en ts  v a ried  from  -98 fie to  
+ 98  |xs.
T o  m easu re  th e  in d iv id u a l hoop  and  ax ia l stra ins, s tra in  g auges w ere  ap p lied  to  a 
s im ila r tu b e  to  fo rm  a  q u arte r-b rid g e  c ircu it [41]. T o  rep re sen t th e  fem ur, a 
T u fn o l tu b e  o f  16 m m  in te rna l d iam ete r and  20 m m  ex tern a l d iam ete r w as 
u tilised . F ro m  4  re p e titio n s  o f  the  experim en t, the  h o o p  s tra in s v a ried  from  -106 
(.is to  + 3 8  |xs, w h ile  th e  long itu d in a l s tra in s  v a ried  fro m  -138  jig to  -25  |is.
T o  o b ta in  a  re la tio n sh ip  b e tw een  the  stra in  d a ta  ex p erim en ta lly  o b ta in ed  and  the 
re sid u a l s tre sses  in  th e  cem en t m an tle , fin ite  e lem en t an a ly sis  w as  em ployed . 
A ssu m in g  b o nded  con d itio n s fo r bo th  th e  stem -cem en t an d  cem en t-tu fno l 
in te rfaces , th e  au th o rs  ap p lied  a  sh rinkage  o f  6% to  th e  cem en t m an tle , such  tha t 
it re su lted  in  a  h o o p  s tra in  o f  -100  |xe in  th e  stem . F ro m  th is  fin ite  e lem en t 
m e th o d o lo g y , th e  au th o rs  rep o rted  a  m ax im um  residua l s tress o f  11.85 M P a  fo r 
th e  ce m e n t m an tle . T ab le  2 .10  su m m arises  som e o f  the  re s id u a l s tress stud ies in 
th e  p u b lish e d  lite ra tu re  th a t a im ed  to  q uan tify  the  b one  cem en t res id u a l stress 
levels.
2.5 Residual Stress Under Load Conditions
F ro m  a  search  o f  th e  p u b lish ed  lite ra tu re , o n ly  one  re sea rch  team  has a ttem pted  
to  in v estig a te  th e  im p ac t o f  res id u a l s tresses u n d er lo ad ed  jo in t  co n d itio n s. In  tw o 
s im ila r pap ers , N u n o  an d  A m ab ili [38] an d  N u n o  and  A v an zo lin i [112] used
6 1
M e th o d C o m m e n t R e s id u a l  S tre s s  
(M P a )
A u th o r (s )
T h eo re tica l
eq u a tio n
F em o ra l effects no t 
included
6  to  18.5 S tach iew icz  
e t al, (1976) 
[106]
T h eo re tica l
eq u a tio n
F em o ra l effec ts  no t 
inc luded
8 to  32 (P lan e  stress) 
2 2  to  70 (P lane  stra in) 
20  to  8 8  (0 to  -72  kP a)
O rr et al, 
(2003) [33]
F in ite  E le m e n t 
A n a ly s is
F em o ra l effec ts  n o t 
inc luded
3.5 (P lan e  stra in ) H u isk es  and 
D e W ijn , 
(1979) [109]
F in ite  E le m e n t 
A n a ly s is
F em o ra l e ffec ts  n o t 
inc luded
6  (A x ia l stress) 
5.5 (H o o p  stress) 
-3 (R ad ia l stress)
M an n  et al, 
(1991) [111]
F in ite  E lem en t 
A n a ly s is
S trips o f  bone cem en t 
to  rep resen t cem en t 
m an tle
1 to  7 L en n o n  and 
P rendergast, 
(2002) [32]
F in ite  E lem en t 
A n a ly s is
A x isy m m etric  m odel 10 (A x ia l stress) 
15 (H oop  stress) 
-5 (R ad ia l stress)
L i et al, 
(2004) [108]
E x p erim en ta l F em o ra l effec ts  n o t 
inc luded
-0.5  (M easu red  a fte r 1 
h o u r from  m ix ing)
A h m ed  et al, 
(1982) [65]
E x p e rim en ta l F em o ra l e ffec ts  n o t 
inc luded
3 to  6 N u n o  and  
A m ab ili,
(2002) [38]
E x p erim en ta l P h o to e la s tic  m eth o d  
b a se d  on  co n cen tric  
cy linders
6 L i et al, 
(2004) [108]
E x p erim en ta l S tress derived  from  
F E A  o f  experim en ta l 
w o rk
1 0  to  1 2 R o q u es  et al, 
(2004) [34]
Table 2.10: Summary o f residual stress studies in the published literature
62
f in ite  e le m e n t te c h n iq u e s  to  in v e s tig a te  w h e th e r  th e  in c lu s io n  o f  r e s id u a l  s tre sse s  
s ig n if ic a n tly  e f fe c te d  th e  c e m e n t m a n tle  a n d  in te r fa c e  s tre s s  m a g n itu d e  a n d  
d is t r ib u t io n  fo r  a  lo a d e d  a r t if ic ia l  h ip  jo in t .  F ig u re  2 .2 3  il lu s tra te s  th e  f in ite  
e le m e n t m o d e l  a n d  d im e n s io n s  a s s u m e d . T h e  f in ite  e le m e n t m o d e l a s s u m e d  
b o n d e d  c o n d it io n s  fo r  th e  c e m e n t-b o n e  in te r fa c e  a n d  d e b o n d e d  c o n d it io n s  fo r  th e  
s te m -c e m e n t in te r fa c e . T h e  m o d e l  c o n ta in e d  a p p ro x im a te ly  4 ,3 0 0  e le m e n ts . T o  
re p re s e n t  p o ly m e r is a t io n  s h r in k a g e , a  m e c h a n ic a l  in te r fe re n c e  o f  5 p m  w a s  
im p o s e d  a t  th e  s te m -c e m e n t in te r fa c e  n o d e s , c o rre s p o n d in g  to  a  ra d ia l  s tre s s  o f
2 .4  M P a . T o  re p re s e n t  a  p h y s io lo g ic a l  lo a d , a  t ra n s v e rs e  a n d  a x ia l  lo a d  o f  6 0 0  N  
w a s  a p p lie d  to  th e  m o d e l, a s  i l lu s tr a te d  in  F ig u re  2 .2 3 .
Figure 2.23: F in ite  element model employed by Nuno and Am ab ili [38] and 
Nuno and Avanzo lin i [112] to investigate the impact o f residual stress on a 
loaded a rtific ia l h ip jo in t (units in mm’s). Image adapted from  Nuno and
Avanzolin i [112].
R e s u lts  r e v e a le d  th a t  th e  in c lu s io n  o f  re s id u a l s tre ss  h a d  a  s ig n if ic a n t im p a c t  o n  
th e  s tre s s  m a g n itu d e  a n d  d is tr ib u tio n , w ith  p a r ts  o f  th e  in te r fa c e  e x p e r ie n c in g  a  4  
fo ld  in c re a s e  in  s tre s s . T h e  p e a k  v o n  M ise s  s tre ss  ro se  f ro m  a p p ro x im a te ly  4 .5  
M P a  w ith o u t r e s id u a l  s tre s se s  to  a p p ro x im a te ly  5 .8  M P a  in c lu d in g  re s id u a l
A xial
L o a d
Trail!
L o a d
1
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stresses. T h e  au th o rs  con c lu d ed  th a t th e  inc lu sio n  o f  res id u a l s tresses w ere  
n ecessa ry  to  accu ra te ly  ca lcu la te  the  cem en t an d  in te rface  stre sses  fo r an 
a rtific ia l h ip  jo in t  u n d er ph y sio lo g ica l load  co n d itio n s, fo r th e  early  p ost­
o p era tiv e  period .
2.6 Concluding Remarks
S ince  o rth o p aed ic  b o n e  cem en t w as firs t su ccessfu lly  u sed  in  a h ip  a rth ro p lasty  
by  Sir Jo h n  C h am ley , b one  cem en t h a s  rece iv ed  an  ex ten siv e  am o u n t o f  research . 
H o w ev e r ce rta in  a sp ec ts  h av e  rem ain ed  p o o rly  u n d erstood . O n e  su ch  asp ec t is 
th e  q u an tific a tio n  o f  th e  resid u a l s tresses as a  re su lt o f  th e  p o ly m erisa tio n  p rocess 
an d  its co n seq u en ces. T h is  su b jec t has o ften  been  n eg lec ted  p rim arily  due  to  the 
a ssu m p tio n  th a t th e  re sid u a l stresses w ith in  th e  bone ce m e n t m an tle  are low  and  
q u ick ly  re la x  to  n eg lig ib le  levels, due  to  th e  b one  cem en ts  v isco e la s tic  nature . 
H o w ev e r th e  re la tiv e ly  recen t d iscovery  o f  frac tu res  in  p re lo ad ed  b one  cem en t 
m an tle s  h as  fo cu sed  a tten tio n  on  th e  re sid u a l stresses.
R esea rch  in v o lv in g  b o n e  cem en t is co m p lica ted  b y  th e  large  n u m b er o f  d iffe ren t 
b o n e  c e m e n t b ran d s co m m erc ia lly  av ailab le , the  large  n u m b er o f  ce m e n t m ix in g  
d ev ices  c o m m erc ia lly  av ailab le , an d  bone cem en ts  in h e ren t sensitiv ity  to  initial 
co n d itio n s  an d  en v iro n m en ta l param eters . A s  a  consequence , s ign ifican t 
v a riab ility  e x is ts  in  a lm o st ev e ry  a rea  o f  re sea rch  invo lv in g  b o n e  cem ent, 
in c lu d in g  re s id u a l stresses.
A  n u m b er o f  re la tiv e ly  recen t rep o rts  h av e  d o cu m en ted  bone cem en t m an tle  
frac tu re  d am ag e  b efo re  an y  fu n c tio n a l load ing . H o w ev e r issues re la te  to  h o w  
w ell th e  m o d e l rep resen ts  th e  in vivo scenario . P eak  resid u a l s tress m ag n itu d es 
p red ic ted  in  the  lite ra tu re  v a ry  from  1 to  8 8  M P a. H o w ev er, issues again  re la te  to  
h o w  w e ll th e  m o d e l rep re sen ts  th e  in vivo scenario .
D u e  to  th e  s ig n if ican t varian ce  in  re s id u a l s tress levels, an d  issu es  re la tin g  to  the  
m e th o d s  an d  m o d e ls  em p lo y ed , C h ap te r 3 is fo cu sed  upon  th e  experim en ta l 
m e a su re m e n t o f  tra n s ie n t an d  re su ltan t res id u a l s tra in s based  on a  rep resen ta tiv e
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fem oral co n stru c t. T h e  developed  ex p erim en ta l fem o ra l m o d e l w a s  based  upon  
the  ex p e rim en ta l w o rk  b y  A hm ed  et a l [65] an d  R o q u es  et a l [34]. A  n u m b er o f  
ad v an ces w e re  m ad e  to  m o re  accu ra te ly  rep re sen t th e  in vivo scenario , to  reco rd  
m o re  data , an d  to  im prove the  re liab ility  o f  th e  data . C h ap te r 3 h o w ev er is 
p rim arily  fo cu sed  up o n  th e  investiga tion  o f  fac to rs  th a t m ay  a ffec t th e  m agn itu d e  
o f  re s id u a l s tra in s. F ac to rs such  as v acu u m  m ix ing , cem en t p ressu risa tio n  and  
c em en t b ran d  w e re  investiga ted . F rom  such  an  ana lysis , it is h o p ed  to  es tab lish  a  
m e th o d o lo g y  th a t m ay  red u ce  resid u a l s tress leve ls  an d  h e n ce  red u ce  the  ex ten t 
o f  frac tu re  d am ag e  b e fo re  functional load ing .
C h ap te r 4  is p rim a rily  co n cern ed  w ith  th e  e s tab lish m en t o f  a  fin ite  e lem en t 
an a ly sis  m e th o d o lo g y  fo r the  q u an tifica tion  o f  th e  b one  cem en t m an tle  residua l 
s tress  leve ls . T h e  ex p erim en ta l m odel o f  C h ap te r 3 w as  m o d e lled  and  resu lts  
co m p ared  w ith  th e  exp erim en ta l resu lts  to  v e rify  th e  fin ite  e lem en t m odel. 
F in a lly , C h ap te r  5 w as  p rim arily  co n cern ed  w ith  th e  p red ic tio n  o f  residua l stress 
levels  in vivo an d  the  p red ic tio n  o f  stress levels d u rin g  reh ab ilita tio n  i.e. residual 
s tre sses  in  co n ju n c tio n  w ith  load  bearin g  s tresses due  to  gait.
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Chapter 3
E x p e r i m e n t a l  I n v e s t i g a t i o n  O f  B o n e  C e m e n t  
R e s i d u a l  S t r e s s e s
3.1 Introduction
T h e o b jec tiv es  o f  th is  ch ap te r  are  th ree  fo ld . F irs tly  to  ex p erim en ta lly  investig a te  
th e  h y p o th es is  th a t v acu u m  m ix in g  m ay  in crease  th e  re sid u a l s tress levels. 
S eco n d ly  to  in v estig a te  i f  p ressu risa tio n  o f  the  bone  cem en t m an tle  during  
p o ly m erisa tio n  a ffec ts  th e  resid u a l stress levels. T h ird ly  an d  fin a lly  to  investiga te  
i f  an y  s ig n if ic a n t d iffe ren ce  ex is ts  in  th e  resid u a l s tre ss  levels be tw een  tw o  bone 
cem en t b ran d s.
3.2 Materials And Methods
A n ex p e rim en ta l sy s tem  w as designed  to  ap p ro x im a te ly  rep ro d u ce  th e  th e rm o ­
m ech an ica l co n d itio n s  w h ich  o ccu r d u ring  p o ly m erisa tio n  o f  b one  cem en t in  a 
fem o ra l c e m en ted  h ip  a rth rop lasty . T he ob jec tiv e  o f  th e  ex p erim en ta l m odel w as 
to  m easu re  an d  lo g  th e  in d iv id u a l ho o p  an d  ax ia l s tra in s, in co n ju n c tio n  w ith  the 
tem p era tu re , o f  a  rep resen ta tiv e  fem oral co n stru c t, d u rin g  and  after 
p o ly m erisa tio n .
3.2.1 Materials
T o  re p re s e n t  th e  s te m , a  3 1 6 L  s ta in le s s  s te e l tu b e , 1 m m  th ic k  o f  14 .6  m m  
e x te rn a l  d ia m e te r  a n d  7 0  m m  lo n g  w a s  m a n u fa c tu re d . 3 1 6 L  s ta in le s s  s te e l w as  
s e le c te d  a s  m a n y  fe m o ra l s te m s  a re  m a d e  f ro m  th is  m a te r ia l , fo r  e x a m p le  th e  
E xeter™  fe m o ra l  p ro s th e s is  b y  S t r y k e r - H o w m e d ic a -O s te o n ic s  (S try k e r
TM ,
C o rp o ra tio n , M I, U S A )  [1 1 3 ]. T h e  E x e te r  fe m o ra l p ro s th e s is  w a s  th e  m o s t 
p o p u la r  c e m e n te d  s te m  p ro s th e s is  in  2 0 0 3  a n d  2 0 0 4  fo r  E n g la n d  a n d  W a le s , 
a c c o rd in g  to  th e ir  N J R  [4, 114]. T o  p re v e n t  c e m e n t p e n e tra t in g  th e  in te r io r  o f  th e  
tu b e  d u r in g  in s e r tio n , th e  b a se  o f  th e  s te m  w a s  c lo s e d  w ith  a  c ir c u la r  p ie c e  o f  
3 1 6 L  s ta in le s s  s te e l, (F ig u re  3 .1 ). F o r  th e  r e m a in d e r  o f  th is  d o c u m e n t, th is  
s ta in le s s  s te e l tu b e  w ill  b e  re fe r re d  to  a s  th e  “ re p re s e n ta t iv e  s te m ” .
E xperim ental M odel O f Fem oral Stem
Figure 3.1: 316L stainless steel tube used to represent the fem oral prosthesis in
the experimental model
E x p e r i m e n t a l  M o d e l  O f  T h e  F e m u r
T o  a c h ie v e  re s e a rc h  o b je c tiv e s , a  la rg e  n u m b e r  o f  e x p e r im e n ts  w e re  re q u ire d . A  
sy n th e tic  te s t  m a te r ia l  w a s  s e le c te d  in  p re fe re n c e  to  fe m o ra l c a d a v e rs  a s  s y n th e tic
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m a te r ia ls  a re  le s s  v a r ia b le  in  m e c h a n ic a l  p ro p e r t ie s  a n d  d im e n s io n s . S y n th e tic  
te s t  m a te r ia ls  a lso  d o  n o t  re q u ire  e th ic a l a p p ro v a l  p r io r  to  la b o ra to ry  te s tin g .
T o  re p re s e n t  th e  fe m o ra l b o n e , a  c o m p o s ite  m a te r ia l  o f  e -g la ss  f i l le d  e p o x y  w a s  
s e le c te d  (S a w b o n e s  E u ro p e  A B , S w e d e n ) . E -g la s s  f i l le d  e p o x y  w a s  c h o s e n  as 
th is  c o m p o s ite  w a s  s p e c if ic a l ly  d e v e lo p e d  to  m e c h a n ic a lly  r e p re s e n t  h u m a n  
c o r tic a l b o n e  [1 1 5 ]. E -g la s s /e p o x y  c y lin d e rs  o f  2 5 .4  m m  in te rn a l  d ia m e te r  a n d  
4 .8  m m  th ic k n e s s  w e re  o b ta in e d . T h e se  c y lin d e rs  w e re  s e c tio n e d  in to  c y lin d e rs  
60  m m  lo n g . T o  s im u la te  th e  p re s e n c e  o f  c a n c e llo u s  b o n e  a n d  p ro v id e  a  
m e c h a n ic a l  lo c k  b e tw e e n  th e  c e m e n t m a n tle  a n d  e -g la s s /e p o x y , 9 0  d ia m e te r  1.2 
m m  h o le s  w e re  d r i l le d  r a d ia l ly  a t  4 5 °  to  th e  tu b e  a x is , (F ig u re  3 .2 ) . F o r  th e  
r e m a in d e r  o f  th is  d o c u m e n t, th e s e  e d ite d  e -g la s s /e p o x y  c y lin d e rs  w il l  b e  r e fe r re d  
to  a s  th e  “ re p re s e n ta t iv e  f e m u r” .
Figure 3.2: E-glass/epoxy cylinders; (Left) Unedited cylinder; (Right) M od ified  
cylinder used to represent the fem ur in the experimental model
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B o n e  C e m e n t
T o inv estig a te  the  effec ts  o f  vacuum  m ix in g  an d  p ressu risa tio n , CM W ® 1 
G en tam ic in  (C M W  L ab o ra to rie s  L td ., U K ) bone cem en t w as  se lec ted . CM W ® 1 
w as chosen  as th is  b ran d  has a  long c lin ica l h isto ry  and  is pop u la r. F rom  the  
A u stra lia  O rth o p aed ic  A sso c ia tio n , na tio n a l jo in t  rep lacem en t reg is try  annual 
2004  repo rt, CM W ® 1 w as the  fifth  m o st u tilised  cem en t b rand  fo r th e  A ustra lian  
m ark e t [5], CM W ® 1 h as  b een  in  use fo r over 40  years  an d  th e re fo re  h as  an  
ex ten siv e  h is to ry  [116]. CM W ® 1 G en tam ic in  is s im ila r to  CM W ® 1 bu t has one 
gram  o f  gen tam ic in  an tib io tic  ad d ed  p er 40  gram  p o ly m er p o w d er un it. CM W ® 1 
G en tam ic in  h as  been  on the m ark e t fo r o v e r 10 y ears  [117].
Sm artSet®  H V  G en tam ic in  (C M W  L ab o ra to ries  L td ., U K ) is p ro m o ted  as  hav ing  
a  longer w o rk in g  tim e  and  sh o rte r se ttin g  tim e  co m p ared  to  o th e r p o p u la r cem en t 
b ran d s [118]. F rom  th is , Sm artSet®  H V  G en tam ic in  w as se lec ted  to  investiga te  
th e  e ffec t o f  a d iffe ren t cem en t b ran d  on the  resid u a l stra in  levels.
F o r th e  ce m e n t p rep a red  u n d e r a tm o sp h eric  cond itions, th e  cem en t w as  m ixed  
u s in g  an  o p en  b o w l an d  sp a tu la  arran g em en t. F o r th e  v acu u m  m ixed  
ex p erim en ts , th e  b o n e  cem en t w as  m ix ed  using  th e  C EM V A C ®  d isp o sab le  tube  
vacu u m  m ix  system  (C M W  L ab o ra to rie s  L td ., U K ), set a t its m ax im u m  vacuum  
level o f  - 8 6  kPa.
E x p e r im e n ta l  R ig
A n  ex p e rim en ta l rig  w as req u ired  to  fu lfil a  n u m b er o f  ob jec tiv es . T he 
ex p erim en ta l rig  w a s  req u ired  to ;
1. S u p p o rt th e  rep resen ta tiv e  fem ur d u rin g  cem en t and  stem  in sertion
2. E nsure  th e  rep resen ta tiv e  stem  w as co n cen tric  w ith  th e  rep resen ta tive  
fem u r a fte r in sertion
3. S u p p o rt th e  a ssem b ly  du ring  cem en t p ressu risa tio n
F ig u re  3.3 illu stra te s  th e  exp erim en ta l rig  u tilised , w ith  th e  rep re sen ta tiv e  stem  
and  fem u r assem b led . T h e  exp erim en ta l rig  consisted  o f  a p ressu rise r, gu ide  fins,
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Figure 3.3: C A D  cross-section isom etric view o f experimental rig, w ith the 
assembly o f the representative stem and fem ur included
e -g la s s /e p o x y  h o ld e r  a n d  b a se  p la te . A lu m in iu m  w a s  u ti l is e d  fo r  e a c h  p a r t  o f  th e  
r ig . A  1 m m  c le a ra n c e  w a s  d e s ig n e d  b e tw e e n  th e  re p re s e n ta t iv e  fe m u r  a n d  r ig  
h o ld e r . T h is  w a s  to  e n s u re  th e  h o ld e r  d id  n o t  a d v e rs e ly  in te r fe re  w i th  th e  f lo w  o f  
c e m e n t  in to  th e  d r i l le d  h o le s  o f  th e  e -g la s s /e p o x y , r e p re s e n ta t iv e  o f  th e  
c a n c e l lo u s  b o n e  s tru c tu re . F o u r  g u id e  fm s  w h e re  a d h e re d  to  th e  b a s e  p la te  to  
e n s u re  th e  re p re s e n ta t iv e  s te m  w a s  c o n c e n tr ic  w ith  th e  re p re s e n ta t iv e  fe m u r . T h e  
4  g u id e  f in s  w e re  1 m m  th ic k  a n d  5 m m  h ig h . T h e  p re s s u r is e r  w a s  d e s ig n e d  to  
f r e e ly  m o v e  b e tw e e n  th e  r e p re s e n ta t iv e  s te m  a n d  fe m u r. A  c le a ra n c e  o f  0 .2  m m  
e x is te d  b e tw e e n  th e  p re s s u r is e r  a n d  b o th  th e  re p re s e n ta t iv e  s te m  a n d  fe m u r.
3.2.2 Strain Measurement 
Strain Gauges
One o f  the m ain objectives o f  the experim entation is to measure both the hoop
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and  ax ia l s tra in s  d u rin g  and  a fte r p o ly m erisa tio n  o f  the  bone cem en t m antle . T he 
b o n e  ce m e n t is in  a  flu id  sta te  in itia lly  an d  th e re fo re  it is n o t p o ssib le  to  d irectly  
m easu re  u s in g  stra in  gauges th e  cem en ts  tran s ien t and  re su ltan t re s id u a l strains. 
T o o v e rco m e  th is, th e  hoop  and  ax ia l s tra in s  in d u ced  in  th e  in te rio r o f  the  
s ta in less  stee l tu b e  an d  ex te rio r o f  th e  e -g lass /ep o x y  co m p o site  w ere  m easured . 
T h is  m e th o d  o f  m easu rin g  th e  tran s ien t and  re su ltan t residua l s tra in s is based  
u p o n  s im ila r  ex p erim en ta l w ork  by  A h m ed  et a l [65] and  R o q u es  et a l [34],
T o  m easu re  th e  in d iv id u a l hoop  and  ax ia l s tra ins, tw o  s tra in  g auges are  requ ired  
fo r the  in te rio r  o f  th e  sta in less steel tu b e  and  th e  ex te rio r  o f  th e  e-g lass/ep o x y  
co m p o site . A s  the  d irec tio n  o f  th e  p rin c ip a l s tresses are  a ssu m ed  k n o w n  (due  to  
m o d e l sy m m etry ) and  o rthogonal to  each  o ther, tee  ro se tte  s tra in  g auges w ere  
se lec ted  fo r  b o th  th e  rep resen ta tiv e  stem  and  fem u r in  o rd e r to  en su re  th e  gauges 
w ere  o r th o g o n a l to  each  o ther. F o r th e  in side  o f  th e  sta in less  s tee l tube, due  to  
p h y sica l co n stra in ts , a  re la tiv e ly  sm all s tra in  g auge  o f  grid  1.57 m m  b y  2.03 m m  
w a s  se lec ted . F o r th e  e x te rio r o f  th e  e -g lass/ep o x y , a re la tiv e  large  s tra in  gauge 
o f  grid  6 .35  m m  b y  7 .37  m m  w as se lec ted . T h e  re la tiv e ly  la rger s tra in  gauge had  
th e  ad v an tag e  o f  red u ced  in sta lla tion  com plex ity .
D ue  to  th e  ex o th e rm ic  reac tio n  o f  th e  b one  cem en t d u rin g  p o ly m erisa tio n , bo th  
th e  s ta in less  stee l tu b e  an d  e -g lass/ep o x y  co m p o site  w ill un d erg o  a  change in  
tem p era tu re . A s th e  stra in  g auges w ere  b o n d ed  to  th e se  m ateria ls , th ey  also  
u n d erg o  a  v a ria tio n  in  tem p era tu re  d u rin g  p o ly m erisa tio n . T h is is no tew orthy , as 
tem p era tu re  v a ria tio n  is th e  g rea test sou rce  o f  ap p aren t stra in  [119]. A p p aren t 
stra in  is  an y  ch an g e  in re s is tan ce  th a t is n o t cau sed  by  th e  ap p lied  fo rce  [ 1 2 0 ]. 
A p p e n d ix  C  co n ta in s  s tra in  gauge an d  m easu rem en t c ircu it p rinc ip les.
T o  re d u c e  ap p a ren t s tra ins, A -A llo y  (con stan tan ) stra in  g auges w e re  selected . A - 
A llo y  s tra in  gauges can  be  p ro cessed  b y  th e  m an u fac tu rer to  h av e  the  sam e 
co e ffic ien t o f  th e rm a l ex p an sio n  as the  su b stra te  m a te ria l [119, 121]. In  theory , i f  
b o th  th e  s tra in  g auge  an d  th e  substra te  m ateria l h av e  th e  sam e co e ffic ien t o f  
th e rm al ex p an sio n , th e y  w ill b o th  th e rm a lly  ex p an d  and co n trac t a t th e  sam e rate, 
s ig n ifican tly  red u c in g  ap p a ren t s tra in  levels. In  add ition , A -A llo y ’s gauge fac to r 
is re la tiv e ly  in sen sitiv e  to  v a ry in g  tem p era tu re .
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T h e s tra in  gau g e  S e lf  T em p era tu re  C o m p en sa tio n  (S T C ) o f  16 x  10 “6oC ' 1 (9 .0  x  
10 '6oF _1) w as  se lec ted  fo r th e  rep resen ta tiv e  stem , as th e  co e ffic ien t o f  therm al 
ex p an sio n  o f  31 6 L  is 16 x  lO '^ C ' 1 [122]. F o llo w in g  th e  sam e m eth o d o lo g y , the 
stra in  g au g e  ST C  o f  11 x  10'6oC '' (6 .0  x  lO '^ F "1) w as se lec ted  fo r the  
rep re sen ta tiv e  fem ur, as th e  repo rted  co e ffic ien t o f  th e rm a l ex p an sio n  o f  e- 
g lass /ep o x y  is 11 x  lO '^ C "1 [123].
T h e  350  Q  g rid  re s is tan ce  w as se lec ted  over th e  120 Q  g rid  re s is tan ce , as the 
h ig h e r-re s is tan ce  gau g e  p ro d u ces less se lf-h ea tin g  e ffec ts  by  a  fac to r  o f  th ree  for 
th e  sam e ap p lied  v o ltag e  [119, 121]. T h e  h ig h e r gauge re s is tan ce  a lso  h as  the 
a d v an tag e  o f  d ec reas in g  u n w an ted  signal v a ria tio n s  cau sed  by  lead  w ire 
re s is tan ce  ch an g es  w ith  tem p era tu re  fluc tua tions.
W ith  th e  ab o v e  d es ig n  p a ram ete rs  con sid ered , the  tee  ro se tte  stra in  gau g e  C E A - 
0 9 -0 6 2 U T -3 5 0  (V ish ay  M easu rem en t G roup  L td ., U K ) w as  se lec ted  fo r the 
rep re sen ta tiv e  stem . T h e  s tra in  gauge C E A -0 6 -2 5 0 U T -3 5 0  w as  se lec ted  fo r  the  
rep resen ta tiv e  fem ur. T h e  stem  stra in  gauge w as b o n d ed  25 m m  from  th e  base, 
w h ile  th e  e -g la ss /ep o x y  stra in  gauge w as  b o n d ed  30 m m  from  the  base. M -B ond 
200  ad h es iv e  (V ish ay  M easu rem en t G roup  L td ., U K ) w a s  u tilised  to  ad h ere  the 
gauges. F ig u re  3.4 illu stra tes  th e  selec ted  stem  tee  ro se tte  stra in  gauge befo re  
ap p lica tio n  to  th e  rep resen ta tiv e  stem .
C ir c u i t  C o n f ig u ra t io n
T o  m easu re  th e  in d iv id u a l ho o p  an d  ax ia l stra ins in  b o th  th e  rep resen ta tiv e  stem  
an d  fem ur, a  q u a rte r-b rid g e  c ircu it w a s  im p lem en ted  fo r  each  stra in  gauge. T he 
ST C  stra in  g au g es w o u ld  red u ce  the  ap p aren t th e rm a l s tra in s o f  th e  system . 
H o w ev er, s ig n if ican t e rro r  m ay  still occu r [119, 121]. T o  fu rth e r co m p en sa te  fo r 
tem p era tu re  v a ria tio n  d u rin g  cem en t po ly m erisa tio n , a q u arte r-b rid g e  c ircu it w ith  
tem p era tu re  co m p en sa tio n  w as  im p lem en ted  fo r b o th  th e  rep resen ta tiv e  fem urs 
ax ia l an d  h o o p  s tra in  gauges.
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Figure 3.4: Tee rosette strain gauge before application to the representative stem
T o  im p le m e n t a  q u a r te r  b r id g e  w ith  te m p e ra tu re  c o m p e n s a tio n , a  s e c o n d  s tra in  
g a u g e  is  re q u ire d  [1 1 9 , 120 , 124], T h e  s e c o n d  s tra in  g a u g e  is  r e f e r r e d  to  a s  th e  
dummy strain gauge. T h e  d u m m y  s tra in  g a u g e  s h o u ld  b e  f re e  f ro m  a n y  
m e c h a n ic a l ly  in d u c e d  s tra in , b u t  y e t  s h o u ld  a lw a y s  b e  a t  th e  sa m e  te m p e ra tu re  as 
th e  a c tiv e  s t r a in  g a u g e . I n  p r in c ip le , w h e n  b o th  th e  a c tiv e  a n d  d u m m y  s tra in  
g a u g e s  u n d e rg o  th e  s a m e  te m p e ra tu re  c h a n g e , b o th  g a u g e s  w il l  e x p e r ie n c e  th e  
sa m e  a p p a re n t  s tra in s . F ro m  th e  c irc u it  la y o u t  i l lu s tra te d  in  F ig u re  3 .5 , b o th  
a p p a re n t  s tra in s  f ro m  th e  s tra in  g a u g e s  w i l l  c a n c e l e a c h  o th e r  o u t, a n d  th e  b r id g e s  
s ta te  o f  b a la n c e  w ill ,  in  th e o ry , r e m a in  u n a f fe c te d  b y  c h a n g e  in  te m p e ra tu re .
F igure 3.5: Quarter bridge c ircu it schematic with dummy strain gauge 
temperature compensation
T o  im p le m e n t d u m m y  s tra in  g a u g e  c o m p e n s a tio n , th e  d u m m y  g a u g e  w a s  a p p lie d
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to a 1 mm thick detached piece of e-glass/epoxy. This in turn was applied to the 
exterior of the representative femur with highly conductive Ceramique™ thermal 
paste (Arctic Silver Inc., CA, USA). Figure 3.6 illustrates the dummy strain 
gauge assembly applied to the exterior of the representative femur. This 
configuration permitted the dummy gauge to closely track the temperature of the 
active strain gauge but yet remain mechanically isolated from the representative 
femur, as the thermal paste is not adhesive nor solidifies. The temperatures of the 
e-glass/epoxy active and dummy strain gauges were measured over a number of 
experiments. The maximum temperature difference between the e-glass/epoxy 
active and dummy strain gauge was always less than ±2°C.
Stra in
Gauge
Detached
e-glass/epoxy
Representative
Fem ur
Figure 3.6: Dummy strain gauge assembly applied the exterior o f  the 
representative femur. Note the strain gauge is bonded to the thin detached piece 
o f  e-glass/epoxy which in  turn is applied to the representative fem ur w ith thermal
paste.
Dummy circuit compensation was attempted for the representative stem. 
However, due to physical constraints it was unsuccessful. Therefore regular 
quarter-bridge circuits were implemented for the hoop and axial strain gauges 
applied to the representative stem.
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F o r g rea te s t sen s itiv ity  to  stra in , th e  h ig h es t p rac tica l ex c ita tio n  v o ltag e  shou ld  be 
ap p lied  to  th e  W h ea ts to n e  b rid g e  c irc u it [119]. H o w ev e r ex cessiv e  vo ltag e  w o u ld  
ind u ce  s e lf  h e a tin g  e ffec ts  in th e  s tra in  gauge, w h ic h  in  tu rn  w o u ld  induce 
th e rm a l ap p a re n t s tra in  e rro rs  an d  instab ility .
A  s tra in  g au g e  p o w e r d en s ity  o f  1.6 to  3.1 k W /m 2 is reco m m en d ed  fo r a 
“m o d e ra te ” lev e l o f  accu racy  from  s e lf  h ea tin g  e ffec ts  [119]. E q u a tio n  3.1 re la tes 
s tra in  g au g e  p o w e r d en sity  w ith  ex c ita tio n  vo ltag e , w h ere  “V ” rep resen ts  bridge 
e x c ita tio n  v o ltag e , “R ” rep resen ts  th e  gauge re s is tan ce  and  “A ” rep resen ts  the 
g rid  a re a  o f  th e  s tra in  gauge.
V2
P o w er D en sity  = - ------ (3 .1)
4 RA K J
D u e  to  th e  sm a ll g rid  a rea  o f  th e  s tra in  g au g es b o n d ed  to  th e  in te rio r o f  the
rep re sen ta tiv e  stem , th e se  gauges w ere  th e  m o st su scep tib le  to  s e lf  h ea tin g  
effec ts . F ro m  E q u a tio n  3.1, an  ex c ita tio n  v o ltag e  o f  3.5 V  w as se lec ted . T h is 
re su lted  in  a  p o w e r d en sity  o f  2 .74  k W /m 2. T o  re d u c e  eq u ip m en t co sts  and  
v irtu a l in s tru m e n t p ro g ram m e com plex ity , th e  sam e v o ltag e  level w as  ap p lied  to  
th e  rep re sen ta tiv e  fe m u r s tra in  gauges.
A  n u m b e r o f  v a lid a tio n  te s ts  (n =  5) w h e re  p e rfo rm ed  to  co n firm  th is  v o ltage  
leve l d id  n o t in d u ce  no tew o rth y  ad v erse  effec ts  in  th e  stra in  gauge 
m easu rem en ts . T h ese  te s ts  invo lved  the  ap p lica tio n  o f  th e  se lec ted  c ircu it
ex c ita tio n  v o ltag e  (3.5 V ) to  th e  s tra in  g auges an d  m o n ito rin g  o f  m easu rem en ts
fo r  ap p a ren t s tra in s  d u e  to  s e lf  h ea tin g  effects.
3.2.3 Temperature Measurement
T o  co rre la te  p o ly m erisa tio n  tem p era tu re  w ith  re sid u a l s tress, 7 J-type  
th e rm o co u p le s , m o d e l 4 0 1 -3 0 7  (T C  L td , U K ) w ere  u tilised . T h ese  th erm o co u p les
Circuit Excitation Voltage
75
w ere  se lec ted  as th e y  w e re  o f  ex p o sed  tip  fo rm  an d  o f  lig h t g auge  w ire , w ith  a 
w ire  d iam e te r  o f  0 .2  m m . T h is co m b in a tio n  p e rm itted  a re la tiv e ly  fast 
th e rm o co u p le  re sp o n se  tim e  (63%  o f  tem p era tu re  <  1 second) w ith  reduced  
th e rm a l co n tam in a tio n  side  e ffec ts  due  to  th e  p h y sica l p resen ce  o f  the  
th e rm o co u p le  in  th e  sy stem  [ 1 2 0 ].
T h e  th e rm o co u p le s  w ere  p o sitioned  in  d iffe ren t lo ca tio n s  from  ex p erim en t to  
ex p erim en t to  e s tab lish  th e  th e rm al p ro file  o f  th e  co n stru c t th ro u g h o u t 
p o ly m erisa tio n  h is to ry . H ow ever, a  th e rm o co u p le  w a s  co n sis ten tly  p laced  beside  
b o th  ac tiv e  te e  ro se tte  stra in  g auges to  m o n ito r  s tra in  gau g e  tran sien t 
tem p era tu res . T o  m easu re  cem en t m an tle  tem p era tu res , th e  th e rm o co u p les  w ere  
ty p ica lly  p u sh ed  th ro u g h  th e  1 . 2  m m  d iam ete r h o les  d rilled  in  th e  rep resen ta tive  
fem ur. F o r in te rface  tem p era tu re  m easu rem en ts , th e  th e rm o co u p les  w ere  
ty p ica lly  p re se t in  p lace  w ith  adhesive  d u rin g  ex p e rim en t set-up.
F o r th e  re m a in d e r o f  th is  docum en t, th e  rep re sen ta tiv e  s tem  w ith  app lied  
th e rm o co u p le (s) an d  b o n d ed  tee  ro se tte  s tra in  gau g e  w ill be  re fe rred  to  as the 
“ in stru m en ted  s tem ” . L ik ew ise  th e  rep resen ta tiv e  fem u r w ith  app lied  
th e rm o co u p le (s) an d  b o n d e d  active an d  d u m m y  stra in  g au g es w ill b e  re fe rred  to  
as the  “ in s tru m en ted  fem u r” .
3.2.4 Data Acquisition
T o  m easu re  th e  s tra in  g auge  an d  th e rm o co u p le  v o ltag es , th e  N I4351  (N ational 
In s tru m en t Inc ., T X , U S A ) d a ta  acqu is itio n  system  w a s  em p lo y ed . T he N I4351 
d a ta  a c q u is itio n  sy stem  w as  desig n ed  sp ec ifica lly  fo r h ig h -accu racy  
th e rm o co u p le  m e a su re m e n t and  lo w  an a logue  v o ltag e  m easu rem en t [125]. 
N a tio n a l In s tru m e n ts  re p o rt an  accu racy  o f  ± 0 .59°C  fo r  J-type  th e rm o co u p les  
w ith  th is  sy stem . T h e  s tra in  gauge an a lo g u e  v o ltag es  w e re  d ig itised  w ith  24-b it 
accuracy .
T o  s im u ltan eo u sly  re c o rd  th e  7 th e rm o co u p le  in p u ts  an d  4  s tra in  gauge inpu ts, a  
L ab v iew  v7.1 p ro g ra m m e  w as developed . T h e  L ab v iew  code  is p resen ted  in
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A p p e n d ix  D . D u e  to  th e  la rg e  n u m b e r  o f  a p p lie d  s ig n a ls  a n d  2 4 -b i t  a c c u ra c y , th e  
c y c le  f r e q u e n c y  fo r  e a c h  p o r t  m e a s u re m e n t w a s  a p p ro x im a te ly  7  se c o n d s . T h e  
L a b v ie w  p ro g ra m m e  e x p o r te d  a ll d a ta  in to  M ic ro s o f t  e x c e l fo rm a t f i le s  fo r  
a n a ly s is .
3.2.5 Experimental Procedure
T h e  e x p e r im e n ta l  r ig  w i th  a s s e m b le d  in s tru m e n te d  s te m  a n d  fe m u r  w a s  p la c e d  in  
a n  o v e n  a t  3 7 °C  f o r  a  m in im u m  o f  8  h o u rs  b e fo re  th e  s ta r t  o f  e a c h  e x p e r im e n t. 
T h e  d a ta  a c q u is i t io n  s y s te m  w a s  a c tiv a te d  a  m in im u m  o f  4  h o u rs  b e fo re  th e  
in i t ia t io n  o f  th e  e x p e r im e n t, a s  r e c o m m e n d  b y  N a t io n a l  In s tru m e n ts  [1 2 5 ].
F ig u re  3 .7  i l lu s tra te s  th e  o v e n  a n d  d a ta  a c q u is i t io n  u til is e d . N o te  th e  o v e n  in  th e  
r ig h t  o f  th e  im a g e  w i th  th e  in s tru m e n te d  fe m u r  in s id e . N o te  th e  b o x e s  o n  to p  o f  
th e  o v e n  a n d  P C  to w e r ,  w h ic h  c o n ta in e d  th e  W h e a ts to n e  b r id g e  c irc u itry  a n d  th e  
d a ta  a c q u is i t io n  in p u t-b o x e s .
F igu re  3.7: Oxen and data acquisition system
T o  c o m m e n c e  th e  e x p e r im e n t, th e  d a ta  a c q u is i t io n  p ro g ra m m e  w a s  re s e t  to  t im e  
z e ro . A t  th e  sa m e  t im e  th e  b o n e  c e m e n t m ix in g  c o m m e n c e d . F o r  th e  c e m e n t
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p re p a re d  u n d e r  a tm o s p h e r ic  c o n d it io n s , th e  b o n e  c e m e n t w a s  m ix e d  fo r  
a p p ro x im a te ly  50  s e c o n d s  a t a p p ro x im a te ly  tw o  b e a ts  p e r  s e c o n d , u s in g  a n  o p e n  
b o w l a n d  s p a tu la  a r ra n g e m e n t. F o r  th e  v a c u u m  m ix e d  e x p e r im e n ts , th e  b o n e  
c e m e n t w a s  m ix e d  u s in g  th e  C E M V A C ®  d is p o s a b le  v a c u u m  tu b e  c e m e n t m ix in g  
sy s te m  (C M W  L a b o ra to r ie s  L td .,  U K ) as p e r  m a n u fa c tu re r ’s in s tru c tio n s . T h e  
m a x im u m  v a c u u m  le v e l o f  - 8 6  k P a  w a s  a p p lie d  fo r  a ll v a c u u m  m ix e d  
e x p e r im e n ts . F ig u re  3 .8  i l lu s tra te s  th e  u t i l is e d  C E M V A C ®  d is p o s a b le  v a c u u m  
tu b e  c e m e n t m ix in g  sy s te m .
Figure 3.8: C EM V A C ® disposable vacuum tube m ixing system
A f te r  th e  c e m e n t w a s  m ix e d , th e  o v e n  d o o r  w a s  o p e n e d  to  a l lo w  a c c e s s  to  th e  
in s tru m e n te d  fe m u r . F o r  th e  v a c u u m  m ix e d  e x p e r im e n ts , th e  c e m e n t w a s  in je c te d  
in to  th e  in s tru m e n te d  fe m u r  in  a  re tro g ra d e  fa sh io n , a s  p e r fo rm e d  b y  su rg e o n s  
c o n fo rm in g  to  m o d e m  c e m e n tin g  te c h n iq u e s  [1 7 ]. F o r  th e  b o w l a n d  sp a tu la  
m ix e d  c e m e n t, th e  c e m e n t w a s  p o u re d  o r  s c o o p e d  in to  th e  in s tru m e n te d  fe m u r. 
O n c e  th is  s te p  w a s  c o m p le te , th e  in s tru m e n te d  s te m  w a s  p u s h e d  d o w n  in to  th e  
v is c o u s  p o ly m e r is in g  b o n e  c e m e n t m a ss . T h is  p ro c e s s  e x tru d e d  th e  b o n e  c e m e n t 
in to  th e  re p re s e n ta t iv e  c a n c e llo u s  b o n e  s tru c tu re . O v e r  th e  f in a l 5 m m  
d is p la c e m e n t b e fo re  th e  s te m  c a m e  in to  c o n ta c t w ith  th e  b a se  p la te , th e  4  g u id e  
f in s  a lig n e d  th e  in s tru m e n te d  s te m  e n s u r in g  a n  e v e n  c e m e n t m a n tle , (F ig u re  3 .9 ) .
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F igure 3.9: Representative fem oral construct at breakdown. Note cement ingress 
into the representative cancellous bone structure and guide fin s  at base o f  
cement mantle used to ensure an even cement mantle.
O n c e  th e  in s tru m e n te d  s te m  w a s  in  p la c e , th e  th e rm o c o u p le s  w e re  p lu n g e d  in to  
th e  v is c o u s  c e m e n t m a n tle  a t  p re d e f in e d  p o s i t io n s  a n d  d e p th s . F o r  th e  p re s s u r is e d  
e x p e r im e n ts , th e  p re s s u r is e r  w a s  n e x t  u t i l is e d  to  m a n u a lly  p re s s u r is e  th e  v is c o u s  
c e m e n t m a n tle , (F ig u re  3 .1 0 ) . H a n d  p re s s u re  w a s  a p p lie d  (m e a s u re d  b e tw e e n  50  
to  8 0  N  b a s e d  o n  s e p a ra te  m e a s u re m e n ts ) , to  th e  p re s s u r is e r  to  p re s s u r is e  th e  
c e m e n t b e tw e e n  -1 4 5  k P a  a n d  -2 3 5  k P a  (c a lc u la te d  f ro m  a b o v e  fo rc e ) .
P re s s u r is a t io n  w a s  c o n d u c te d  u n ti l  th e  b o n e  c e m e n t e x tru d e d  th ro u g h  th e  1 .2  m m  
d ia m e te r  h o le s , re p re s e n ta t iv e  o f  th e  c a n c e llo u s  b o n e  s tru c tu re . A f te r  
p re s s u r is a t io n , th e  p r e s s u r is e r  w a s  re m o v e d . F in a lly  to  c o m p le te  th e  e x p e r im e n t 
th e  o v e n  d o o r  w a s  c lo se d . F o r  a  ty p ic a l  e x p e r im e n t, th e  o v e r  d o o r  r e m a in e d  
o p e n e d  f o r  a p p ro x im a te ly  2  to  3 m in u te s . A ll  s tra in s  a n d  te m p e ra tu re s  w e re  
r e c o rd e d  fo r  a  m in im u m  o f  3 h o u rs  f ro m  th e  in i t ia t io n  o f  c e m e n t m ix in g .
3.2.6 Validation
Strain Measurement Validation
T o  v a lid a te  th e  s tra in  m e a s u re m e n t  sy s te m , th re e  d if fe re n t  w e ig h ts  o f  k n o w n
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Figure 3.10: Representative fem ora l construct after pressurisation. Note cement 
extrusion from  representative cancellous bone structure and pressuriser on top
o f cement mantle
m a g n itu d e  w e re  a p p lie d  a x ia l ly  to  b o th  th e  in s tru m e n te d  s te m  a n d  fe m u r . T a k in g  
a d v a n ta g e  o f  th e  r e g u la r  g e o m e tr ie s , c la s s ic a l m a th e m a tic a l  te c h n iq u e s  w e re  
a p p lie d  to  c a lc u la te  th e  c o m p re s s iv e  a x ia l s tra in s  a n d  th e  in d ire c t  te n s i le  h o o p  
s tra in s  in  th e  in s tru m e n te d  c y lin d e rs . T h e  s tra in  g a u g e  re s u lts  d is p la y e d  a n d  
lo g g e d  b y  th e  d a ta  a c q u is i t io n  s y s te m  w e re  in  lin e  w ith  th e  c a lc u la te d  th e o re tic a l  
v a lu e s  fo r  e a c h  o f  th e  th re e  d if fe re n t  a x ia l lo a d s  a p p lie d  fo r  b o th  in s tru m e n te d  
c y lin d e rs .
Thermocouple Measurement Validation
T o  v a lid a te  th e  te m p e ra tu re  m e a s u re m e n t sy s te m , e a c h  th e rm o c o u p le  w a s  
a p p lie d  to  a  b e a k e r  o f  w a te r  c o n ta in in g  c ru s h e d  ic e  c u b e s . T h e  te m p e ra tu re  
r e s u lts  d is p la y e d  a n d  lo g g e d  b y  th e  d a ta  a c q u is i t io n  s y s te m  (a p p ro x im a te ly  0°C ) 
w a s  in  l in e  w ith  th e  e x p e c te d  te m p e ra tu re  o f  th e  ic e /w a te r  m ix .
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T em p era tu re  varia tio n  is th e  g rea test source o f  s tra in  g au g e  e rro r [119]. To 
estab lish  the  d eg ree  o f  erro n eo u s ap p aren t s tra in s ex p e rien ced  by  the 
in stru m en ted  stem , k n o w led g e  o f  th e  tran s ien t tem p era tu re  h isto ry  o f  the 
in stru m en ted  stem  u n d e r ex p erim en ta l co n d itio n s w as  req u ired . T o  es tab lish  th is 
th e rm al h isto ry , a  p re lim in a ry  ex p erim en t u sin g  CM W ®  1 G en tam ic in  bone 
c em en t w as  p e rfo rm ed . F ro m  th is  p re lim in ary  ex p erim en t, (con firm ed  by  
n u m ero u s la ter c em en ted  ex p erim en ts) it w as e stab lish ed  th a t th e  stem  rem ained  
a t o ven  tem p era tu re  (37°C ) u n til it w as  p lu n g ed  in to  th e  v isco u s po ly m eris in g  
b o n e  cem en t. A s  th e  cem en t had  no t y e t s ig n ifican tly  ex o th e rm ed , it w as below  
37°C  an d  co o led  th e  stem  u n til it reach ed  ap p ro x im ate ly  33°C . A fte r  th is, the 
cem en t ex o th e rm  b eg an  to  gen era te  sign ifican t am o u n ts  o f  th e rm a l energy  and  
the  stem  rap id ly  in c rea sed  in  tem p era tu re  un til it re ach ed  its m ax im um  
tem p era tu re  o f  a p p ro x im a te ly  83°C. A fte r  th is  p o in t th e  s tem  g rad u a lly  declined  
in  tem p era tu re  u n til a p p ro x im a te ly  1.5 hours la te r w h e n  it h ad  re tu rned  to  
am b ien t o v en  tem p era tu re  o f  37°C.
T o  estab lish  th e  d eg ree  o f  ap p a ren t strain , th e  in s tru m en ted  stem , free  from  any  
m ech an ica l co n stra in ts , w a s  p laced  in  th e  oven. T h e  tem p era tu re  o f  th e  oven  w as 
m an u a lly  ch an g ed  to  s im u la te  th e  th e rm al h is to ry  u n d e r ex p erim en ta l conditions. 
T o  en su re  th ese  te s ts  w o u ld  no t ad v erse ly  d eg rad e  th e  M -B o n d  adhesive  
(ad h esiv e  u sed  to  b o n d  s tra in  gauge to  stem ), a  m ax im u m  tem p era tu re  o f  75°C 
w as  em p lo y ed . F ig u re  3.11 illu stra te s  a  typ ica l ap p aren t s tra in  v e rsu s tem p era tu re  
re su lt fo r th e  in s tru m en ted  stem .
F ro m  F ig u re  3.11 it  is ev id e n t th a t desp ite  m a tch in g  th e  s e lf  tem p era tu re  
co m p en sa tio n  o f  th e  b o n d ed  stra in  gauge w ith  the  c o e ffic ien t o f  therm al 
ex p an sio n  o f  th e  su b stra te  m ateria l, therm al ap p aren t s tra in s  still occur. T hese  
th e rm al ap p a ren t s tra in s  m a y  be  due  to  a  num ber o f  reaso n s, nam ely :
•  T h e  c o e ffic ien t o f  th e rm a l ex p an sio n  o f  the  stem  m a y  n o t ex ac tly  m atch  
th e  stra in  g auge  co e ffic ien t o f  therm al expansion
Instrumented Stem Apparent Strains
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— Tube Axial (pe) — Tube Hoop (pe)
Figure 3.11: Apparent strain levels fo r  instrumented stem under simulated
experimental conditions
•  T h e  M -B o n d  a d h e s iv e  th e rm a l  e x p a n s io n  m a y  in tro d u c e  a p p a re n t  s tra in  
e rro rs
•  T h e  g a u g e  fa c to r  o f  th e  s tr a in  g a u g e  c h a n g e s  w ith  te m p e ra tu re
•  T h e  re s is ta n c e  o f  th e  le a d  w ire s  c h a n g e s  w ith  te m p e ra tu re
•  H y s te re s is
F ro m  F ig u re  3 .11  i t  is  a lso  e v id e n t  th a t  a p p a re n t s tra in s  a re  n o t p re s e n t  w h e n  th e  
s y s te m  is  b ro u g h t b a c k  to  in i t ia l  te m p e ra tu re . T h e re fo re  th e re  a re  n o  e r ro n e o u s  
a p p a re n t  s tra in s  a t th e  e n d  o f  th e  th e rm a l  h is to ry  w h e n  th e  s y s te m  h a s  r e tu rn e d  to  
3 7 °C . A p p ro x im a te ly  2 0  e x p e r im e n ts  w e re  p e r fo rm e d  to  c o n f irm  th is  f in d in g .
T o  s u m m a r is e , th e  m e a s u re d  s tra in s  d u r in g  th e  e x o th e rm ic  p h a s e  o f  th e  
e x p e r im e n ts  w ill  c o n s is t  o f  r e s id u a l  s tr a in  p lu s  a p p a re n t s tra in , b u t  th e  m e a s u re d  
s tra in s  a f te r  th e  s y s te m  h a s  r e tu rn e d  to  3 7 °C  w il l  c o n s is t  o f  r e s id u a l  s tra in  o n ly . 
F o r  th is  re a s o n , a ll re p o r te d  r e s id u a l  s tra in s  w e re  ta k e n  3 h o u rs  a f te r  th e  in i t ia t io n  
o f  th e  e x p e r im e n t to  e n su re  n o  a p p a re n t  s tra in s  w e re  in c lu d e d .
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T o  e s ta b l is h  th e  d e g re e  o f  a p p a re n t  s tra in s  e x p e r ie n c e d  b y  th e  in s tru m e n te d  
fe m u r , i ts  t ra n s ie n t  te m p e ra tu re  h is to ry  u n d e r  e x p e r im e n ta l  c o n d it io n s  w a s  
in i t ia l ly  re q u ire d . F ro m  th e  p re l im in a ry  c e m e n te d  e x p e r im e n t p e r fo rm e d , th e  
r e p re s e n ta t iv e  fe m u r  re m a in e d  a t  its  in i t ia l  te m p e ra tu re  o f  3 7 °C  u n ti l  th e  c e m e n t 
w a s  in tro d u c e d  to  th e  sy s te m . A f te r  th is  p o in t ,  th e  c o m p o s ite  g ra d u a lly  d e c lin e d  
in  te m p e ra tu re  u n ti l  i t  r e a c h e d  it  lo w e s t  te m p e ra tu re  o f  a p p ro x im a te ly  32°C . 
A f te r  th is  p o in t ,  th e  r e p re s e n ta t iv e  f e m u r  in c re a s e d  in  te m p e ra tu re  u n ti l  i t  re a c h e d  
its  m a x im u m  te m p e ra tu re  o f  a p p ro x im a te ly  5 5 °C . O v e r  th e  n e x t  1.5 h o u rs  th e  
r e p re s e n ta t iv e  fe m u r  g ra d u a lly  d e c lin e d  in  te m p e ra tu re  u n til  i t  r e a c h e d  a m b ie n t 
o v e n  te m p e ra tu re  o f  3 7 °C .
S im ila r  to  th e  in s tru m e n te d  s te m , to  e s ta b l is h  th e  d e g re e  o f  a p p a re n t  s tra in , th e  
in s tru m e n te d  fe m u r , f re e  f ro m  a n y  m e c h a n ic a l  c o n s tra in ts , w a s  p la c e d  in  th e  
o v e n  a n d  th e  te m p e ra tu re  w a s  m a n u a l ly  c h a n g e d  to  s im u la te  th e  th e rm a l h is to ry  
u n d e r  e x p e r im e n ta l  c o n d it io n s . F ig u re  3 .1 2  il lu s tra te s  a  ty p ic a l  a p p a re n t  s tra in  
v e r s u s  te m p e ra tu re  r e s u l t  fo r  th e  in s tru m e n te d  fe m u r.
Instrumented Femur Apparent Strains
Epoxy Axial (he) ——  Epoxy Hoop (|je)
Figure 3.12: Apparent strain versus temperature for the instrumented femur
83
D esp ite  e m p lo y in g  b o th  stra in  gauge se lf-tem p era tu re -co m p en sa tio n  and  quarter- 
b rid g e  w ith  tem p era tu re  com pensa tion , ap p aren t s tra in s w e re  s till p resen t, m ost 
n o tab ly  in  th e  h o o p  d irec tion . F rom  th is  resu lt, the  au th o r h y p o th es ised  th a t the 
d iffe ren ce  b e tw een  th e  level o f  h o o p  a n d  ax ia l ap p aren t s tra in s m a y  be due  to  a 
d iffe ren t co e ffic ien t o f  th e rm al ex p an sio n  fo r the  ax ia l an d  h o o p  d irec tions, as 
th e  rep resen ta tiv e  fem u r is a  co m p o site  m a te ria l o f  ep o x y  m a trix  an d  sh o rt e- 
g lass fib re  re in fo rcem en t. I f  th e  sho rt e -g lass fib res w ere  o rien ta ted  in a  specific  
d irec tion  th e  m ech an ica l p roperties  o f  th e  co m p o site  m a te ria l w o u ld  n o t be 
iso trop ic .
T h e  a u th o r co n tac ted  th e  m an u fac tu re r o f  the  e -g lass/ep o x y  cy lin d e rs  (Saw bones 
E u ro p e  A B , S w eden), and  from  a  perso n a l co m m u n ica tio n  w ith  a  rep resen ta tive  
(M r. P e te r  A sk er) it w as e stab lish ed  th a t th e  sho rt e -g lass  fib res  o f  th e  e- 
g la ss /ep o x y  cy lin d ers  w ere  o rien ta ted  a lo n g  the  ax ia l d irec tion . T o  confirm  the 
o rien ta tio n  o f  th e  e -g lass, a  n u m b er o f  sam ples o f  th e  e -g la ss /ep o x y  com posite  
w e re  ex am in ed  u n d e r  a  scan n in g  e lec tro n  m icroscope . E v id e n c e  o f  e-g lass fibre 
o rien ta tio n  a lo n g  th e  long itu d in a l d irec tio n  w as con firm ed , (F igu re  3 .13). The 
m a n u fac tu re r  o f  th e  co m p o site  c y lin d e r d id  n o t d o cu m en t th is  p ro p erty  on its 
m ech an ica l p ro p ertie s  w eb  p ag e  o r an y  o th e r p a rt o f  its w eb  site.
S im ila r  to  th e  in s tru m en ted  stem , and  ev iden t in F ig u re  3 .12 , n o  ap p aren t strains 
e x is t a f te r  th e  in s tru m en ted  fem ur h ad  re tu rn ed  to  37°C . T here fo re , a ll repo rted  
re s id u a l s tra in s w e re  tak en  3 hou rs  a fte r the  in itia tion  o f  th e  ex p erim en t to  ensure 
no  ap p a ren t s tra in s w e re  p resen t.
3.3 Results
A  to ta l o f  29  ex p e rim en ts  w ere  perfo rm ed . T ab le  3.1 ca teg o rises  th e  experim en ts 
p e rfo rm ed . R esu lts  h av e  b een  d iv id ed  in to  tw o  sec tio n s, thermal results and 
residual strain results. N o te  th e  lim ited  n um ber o f  v acu u m  m ix ed  experim en ts 
p e rfo rm ed  w ere  d u e  to  b u d g e t constra in ts .
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Figure: 3.13: Scanning electron m icroscope image o f e-glass/epoxy composite 
taken approximately transverse to the ax ia l direction
Cement Brand Vacuum Pressure Comment No. of 
experim ents
SmartSet® Gentamicin No No 5
CMW® 1 Gentamicin No No 5
CMW® 1 Gentamicin Yes No 3
CMW® 1 Gentamicin No Yes 8
CMW* 1 Gentamicin Yes Yes 3
CMW® 1 Gentamicin No No Solid stem 2
CMW1811 Gentamicin No No Debonded stem-cement 
interface
1
CMW® 1 Gentamicin & 
SmartSet® Gentamicin
No No Debonded e- 
glass/epoxy-cement 
interface
2
Table 3.1: Summary o f  experiments performed
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3.3.1 Thermal Results
CMW® 1 Gentamicin Transient Thermal History
Figure 3.14 illustrates a thermal result for CMW® 1 Gentamicin bone cement 
over the first 600 seconds (10 minutes).
Figure 3.14: Transient thermal result fo r  polym erising CMW® 1 Gentam icin 
bone cement over the f ir s t  600 seconds (10 minutes). Note thermocouple 
locations are indicated on C AD  so lid  model image.
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W hen  th e  cem en t w as  in itia lly  in troduced  to  th e  rep resen ta tiv e  fem o ra l m odel, it 
w as  c o o le r  th a n  b o th  th e  stem  and  fem ur. T h ere fo re  fo r th e  in itia l perio d  until 
ap p ro x im a te ly  2 0 0  seconds, b o th  the  rep resen ta tiv e  stem  and  fem u r d ec reased  in 
tem p era tu re  w h ile  th e  cem en t m ass  increased  in  tem p era tu re . A fte r  th is  p o in t the 
cem en t m ass  c o n tin u ed  to  slow ly  rise in  tem p era tu re , r is in g  ab o v e  th a t o f  both  
th e  rep re sen ta tiv e  stem  and  fem ur. A fte r reach in g  ap p ro x im ate ly  40°C , the 
cem en t m ass  in c reased  in  tem p era tu re  a t a rap id  rate . T h e  tem p era tu re  con tinued  
to  rise  a t th is  rap id  ra te  un til the  p eak  cem en t tem p era tu re  w as reached . A fte r  th is  
tim e  th e  c e m e n t b eg an  to  coo l and  a fte r a p p ro x im a te ly  5 ,400  seco n d s (1.5 hours) 
th e  en tire  sy stem  re tu rn ed  to  37°C. F ig u re  3 .15 illu stra tes a  ty p ica l therm al 
h is to ry  re su lt o v e r th e  firs t 5 ,400  seconds. A p p en d ix  E  co n ta in s  a  sam ple  o f  o ther 
CM W ®  1 G en tam ic in  b one  cem en t th e rm al resu lts  o v e r th e  firs t 5 ,400  seconds.
SmartSet® HV Gentamicin Transient Thermal History
Sm artSet®  H V  G en tam ic in  is p ro m o ted  as h av in g  a  lo n g e r w o rk in g  tim e  and 
sh o rte r se ttin g  tim e , co m p ared  w ith  o th e r lead in g  b ran d s o f  cem en t [118]. T his 
s ta tem en t is in  line  w ith  the  ex p erim en ta l find ings. F o r CM W ®  1 G en tam ic in  the 
tem p era tu re  k n e e  po in t, i.e. th e  p o in t w h en  th e  tem p era tu re  ra te  ch an g ed  from  a 
slow  g rad u a l in c rea se  in  tem p era tu re  to  a  rap id  increase  in  tem p era tu re , occurred  
a t a p p ro x im a te ly  40°C . F o r Sm artSet®  H V  G en tam ic in , th e  k n ee  p o in t occu rred  
a t a p p ro x im a te ly  50°C . O vera ll p o ly m erisa tio n  to o k  ap p ro x im ate ly  120 seconds 
lo n g er co m p a re d  w ith  CM W ® 1 G entam icin , (F igu re  3 .16). S im ila r to  CM W ® 1 
G en tam ic in , th e  c o n s tru c t to o k  ap p ro x im ate ly  5 ,400  seco n d s (1.5 hou rs) to  re tu rn  
to  37°C . A p p e n d ix  F  co n ta in s  a  sam ple  o f  o th e r Sm artSet®  H V  G en tam ic in  
th e rm al re su lts  o v e r th e  firs t 800 seconds.
CMW® 1 Gentamicin, Non-Vacuumed, Non-Pressurised
T ab le  3 .2  su m m arise s  lab o ra to ry  co n d itio n s an d  ex p erim en ta l find ings, for 
CM W ®  1 G e n tam ic in  n o n -v acu u m  m ixed , n o n -p re ssu rised  experim en ts. 
E x p e rim e n t n u m b e r 6  had  re lease  agen t app lied  to  th e  in te rio r o f  instrum ented  
fem ur. T h is  w as  p e rfo rm ed  to  investiga te  the  e ffec t o f  a  d eb o n d ed  fem u r-cem en t
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cement over the f irs t 5,400 seconds (1.5 hours). Note thermocouple locations are 
indicated on CAD  so lid  model image.
in te r fa c e . I t  is  p o s tu la te d  th a t th e  re le a s e  a g e n t w o u ld  n o t  h a v e  a n y  n o te w o r th y  
th e rm a l c o n s e q u e n c e , a n d  th e re fo re  h a s  b e e n  in c lu d e d  in  T a b le  3 .2 . F ro m  6  
e x p e r im e n ts , th e  m e a n  p e a k  c e m e n t te m p e ra tu re  w a s  9 8 .3 °C  ±  6 .3 °C . T h e  m e a n  
p e a k  re p re s e n ta t iv e  s te m  te m p e ra tu re  m e a s u re d  b e s id e  th e  s tra in  g a u g e  w a s
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Figure 3.16: Typical thermal history fo r  polym erising SmartSet® H V  Gentam icin 
bone cement over the f irs t  800 seconds (13.3 minutes). Note thermocouple 
locations are indicated on CAD  so lid  model image.
E x p erim en t N u m b er
E xp.
1
E xp.
2
E xp .
3
E xp .
4
Exp.
5
E xp.
6a M ean
Std.
D ev.
L ab . tem p era tu re  (°C) 25.5 24 22.5 25.3 26 26.5 25.0 1.5
L ab. re la tive  h u m id ity 53% 49% 41% 58% 55% 40% 49% 7.4%
P ea k  cem en t tem p  (°C) 97 97 102 93 109 92 98.3 6.3
T im e o f  p eak  cem en t  
tem p  (s) 298 318 324 309 279 325 308.8 17.8
P ea k  stem  tem p  (°C) 82 88 85 88 74 84 83.5 5.2
T im e o f  p eak  stem  tem p
(s) 338 365 369 362 324 378 356.0 20.6
P ea k  fem u r tem p  (°C) 57 57 56 57 58 56 56.8 0.8
T im e o f  p eak  fem u r  
tem p  (s) 504 484 550 505 475 543 510.2 30.5
Table 3.2: CM W ® 1 Gentam icin thermal results fo r  non-vacuum mixed, non­
pressurised experiments
a Release agent applied to interior of instrumented femur
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83.5°C  ±  5.2°C , w h ile  th e  m ean  p eak  in s tru m en ted  fe m u r tem p era tu re  m easu red  
b esid e  th e  ac tiv e  s tra in  gau g e  w as 56 .8°C  ±  0.8°C .
SmartSet® HV Gentamicin, Non-Vacuumed, Non-Pressurised
T ab le  3.3 su m m arise s  lab o ra to ry  co n d itio n s  an d  exp erim en ta l find ings fo r 
Sm artSet®  H V  g en tam ic in  n o n -v acu u m  m ix ed , n o n -p ressu rised  experim en ts. 
E x p e rim en t n u m b e r 12 h ad  re lease  ag en t ap p lied  to  the  in te rio r o f  the  
in s tru m en ted  fem ur. T h is  w as p e rfo rm ed  to  in v es tig a te  th e  e ffec t o f  a  d ebonded  
fem u r-cem en t in te rface . I t  is p o s tu la ted  th a t th e  re lea se  a g en t w o u ld  n o t have  any  
n o tew o rth y  th e rm a l co n seq u en ce  and  th e re fo re  h as  b een  in c lu d ed  in  T ab le  3.3.
E x p e r im e n t  N u m b e r
E x p .
7
E x p .
8
E x p .
9
E x p .
10
Ex p .
11
E x p .
12b M e a n
S td .
D ev.
L a b .  te m p e ra tu re  ( °C ) 19.5 23.3 23.8 21 21 23 21.9 1.7
L a b .  re la t iv e  h u m id ity 44% 47% 53% 35% 38% 49% 44% 6.8%
P e a k  cem en t tem p  ( °C ) 102 91 97 107 89 113 99.8 9.3
T im e  o f  p e a k  cem en t 
tem p  (s ) 476 422 400 369 543 391 433.5 64.8
P e a k  s tem  tem p  ( °C ) 86 90 90 88.3 83.9 89 87.9 2.4
T im e  o f  p e a k  stem  
tem p  is ) 529 460 467 414 572 414 476.0 63.3
P e a k  fe m u r  tem p  ( °C ) 58 62 60 60 59 56 59.2 2.0
T im e  o f  p e a k  fe m u r  
tem p  (s ) 711 588 603 519 633 618 612.0 62.6
Table 3.3: SmartSet® H V  Gentamicin thermal results fo r non-vacuum mixed,
non-pressurised experiments 
b Release agent applied to interior of instrumented femur
Sm artSet®  H V  G e n tam ic in  b one  cem en t p ro d u ced  ab o u t a  120 second  longer 
“w o rk in g  tim e ” co m p ared  w ith  CM W ® 1 G en tam ic in . T h is  is co n sis ten t w ith  
D e P u y ’s c la im  th a t  Sm artSet®  a llow s fo r a  lo n g er w o rk in g  tim e  [118]. N o  
s ta tis tica lly  s ig n if ic a n t th e rm a l d iffe rence  w as m easu red  be tw een  b o th  cem en t 
b ran d s  fo r  p e a k  c e m e n t tem p era tu re  an d  p eak  stem  tem p era tu re  (/-test, /?<0.05). 
H o w ev er, th e  in s tru m en ted  fem u r d id  m easu re  a  s ta tis tica lly  s ig n ifican t h ig h er 
p e a k  tem p era tu re  fo r  Sm artSet®  H V  G en tam ic in  o v e r CM W ®  1 G en tam icin . T h is
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m a y  be  d u e  to  th e  lo n g e r p e rio d  o f  tim e  a t e lev a ted  tem p era tu re  p ro d u ced  by  
Sm artSet®  HV G en tam ic in
CMW® 1 Gentamicin, Non-Vacuumed, Pressurised
T ab le  3 .4  su m m arise s  lab o ra to ry  co n d itio n s  an d  ex p erim en ta l fin d in g s fo r 
CM W ® 1 G e n tam ic in  n o n -v acu u m  m ixed , p re ssu rise d  ex p erim en ts.
E x p e r im e n t
n u m b e r
E x p
13
E x p
14
E x p
15
E x p
16
E x p
17
E x p
18
E x p
19
E x p
20 M e a n
Std .
D ev.
L a b .  
te m p e ra tu re  ( °C ) N /A 2 2 .2 21.5 2 2 28 26 26 24 24 .2 2.5
L a b . r e la t iv e  
h u m id ity N /A 40% 36% 49% 51% 53% 37% 38% 43% 7.3%
P e a k  cem en t 
tem p  ( °C ) 96 89 95 90 104 90 1 0 0 103 95 .9 6 .0
T im e  o f  p e a k  
cem ent tem p  (s ) 477 364 431 338 271 295 325 347 356 .0 68.3
P e a k  stem  tem p  
( °C ) N /A 84 8 6 78 84 83 84 82 83.0 2.5
T im e  o f  p e a k  
stem  tem p  (s ) 437 409 451 390 309 325 355 384 382.5 50.6
P e a k  fe m u r  tem p
( °C ) 52 50 56 55 58 58 58 57 55.5 3.0
T im e  o f  p e a k  
fe m u r tem p  (s ) 762 550 597 523 445 483 506 535 550.1 96.8
Table 3.4: CMW® 1 Gentamicin thermal results fo r non-vacuum mixed,
pressurised experiments
N o  s ta tis tica lly  s ig n if ic a n t th e rm a l d iffe rence  w as m easu red  fo r  the  p e a k  cem ent, 
in s tru m en ted  s tem  a n d  fem u r tem p era tu res , b e tw een  CM W ®  1 G en tam ic in  n o n ­
v acu u m ed , n o n -p re ssu rise d  and  CM W ® 1 G en tam ic in  n o n -v acu u m ed , p ressu rised  
ex p erim en ts  (/-test, p<0.05). T h erefo re  from  the  ex p e rim en ts  perfo rm ed , resu lts  
rev ea l p re ssu risa tio n  does n o t h av e  an y  s ta tis tica lly  s ig n ifican t therm al 
co n seq u en ce .
CMW® 1 Gentamicin, Vacuum-Mixed, Non-Pressurised
T ab le  3.5 su m m arise s  lab o ra to ry  co n d itions an d  ex p erim en ta l find ings fo r 
CM W ®  1 G en tam ic in , vacuum -m ixed , n o n -p ressu rised  ex p erim en ts . D u e  to  
re so u rce  co n stra in ts , few er vacuum  m ix ed  ex p erim en ts  w ere  p e rfo rm ed  than
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n o n -v acu u m  m ix ed  ex p erim en ts . F o r ex p erim en t n u m b e r 24 , re lease  ag en t w as 
ap p lied  to  th e  ex te rio r  o f  the  in strum en ted  stem . T h is  w as  perfo rm ed  to  
in v estig a te  th e  e ffec t o f  a  d eb o n d ed  s tem -cem en t in te rface. I t is postu la ted  th a t 
th e  re lease  a g en t w o u ld  n o t have  any  n o tew o rth y  th e rm a l co n seq u en ce  and 
th e re fo re  has b een  in c lu d ed  in  T ab le  3.5.
E x p e r im e n t  N u m b e r E x p . 21 E x p . 22 E x p . 23 E x p . 24c M e a n S td . D ev.
L a b .  te m p e ra tu re  ( °C ) 23.5 25.5 25 2 2 24 1 .6
L a b .  re la t iv e  h u m id ity 49% 44% 55% 71% 55% 11.7%
P e a k  cem en t tem p  ( °C ) 98 98 96 83 93.8 7.2
T im e  o f  p e a k  cem ent tem p  (s ) 325 338 286 363 328 .0 32.1
P e a k  stem  tem p  ( °C ) N /A 85 80 62 75.7 1 2 .1
T im e  o f  p e a k  stem  tem p  (s ) 411 357 324 457 387.3 58.7
P e a k  fe m u r  tem p  ( °C ) 54 56 57 54 55.3 1.5
T im e  o f  p eak  fe m u r  tem p  (s ) 464 477 444 464 462.3 13.6
Table 3.5: CMW® 1 Gentamicin thermal results fo r vacuum-mixed, non­
pressurised experiments
c Release agent applied to exterior of instrumented stem
O n co m p ariso n  b e tw een  CM W ®  1 G en tam ic in  v acu u m ed , n o n -p ressu rised  and 
CM W ®  1 G e n tam ic in  non -vacuum ed , non -p ressu rised , re su lts  ind ica te  vacuum  
m ix in g  m ay  p ro d u c e  s lig h tly  low er p eak  tem p era tu res . T h e  m ean  v acu u m  m ixed  
p e a k  cem en t tem p e ra tu re  (93 .8°C ) w as 4 .5°C  b e lo w  th e  m ean  n o n -v acu u m  m ixed  
cem en t (98 .3°C ). L ik ew ise , th e  m ean  p eak  stem  tem p era tu re  fo r vacuum  
tem p era tu re  (75 .7°C ) w a s  8 °C below  th e  m ean  n o n -v acu u m  m ix ed  cem ent 
(83 .5°C ). F in a lly  th e  m ean  p e a k  in strum en ted  fem u r tem p era tu re  fo r vacuum  
m ix ed  cem en t (55 .3°C ) w as  1.5°C below  th e  m e a n  n o n -v acu u m  m ixed  
ex p erim en ts  (56 .8°C ). H o w ev er, it is n o ted  th a t no  sta tis tica l th e rm al d ifference  
w a s  m easu red  fo r  th e  p e a k  cem ent, in strum en ted  stem , an d  fem u r tem pera tu res 
b e tw een  CM W ®  1 G en tam ic in  non -v acu u m ed  n o n -p re ssu rised  and  CM W ® 1 
G en tam ic in  v a c u u m  m ix ed  n on -p ressu rised  ex p e rim en ts  (t-test, p<0.05). 
T herefo re , to  su m m arise , th e re  is no  sta tis tica lly  s ig n ifican t th e rm al d ifference  
b e tw een  v a cu u m  m ix ed  an d  n o n -v acu u m  m ixed  resu lts . H o w ev e r lo o k ing  a t the
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m eans, th e re  is an  in d ica tio n  th a t v acu u m  m ix in g  m a y  slig h tly  red u ce  peak  
tem p era tu res . A  g rea te r sam p le  n u m b er w o u ld  b e  req u ired  to  co n firm  i f  vacuum  
m ix in g  red u c e s  p e a k  ex o th e rm  tem p era tu res . N o te  L id g ren  et a l [126] also 
o b se rv ed  a  s lig h t red u c tio n  in  p e a k  tem p era tu re  fo r  v acu u m  m ix ed  cem en t over 
no n -v acu u m  m ix ed  cem en t.
CMW® 1 Gentamicin, Vacuum-Mixed, Pressurised
T o  in v estig a te  i f  th e  co m b in ed  ac tio n s o f  v a cu u m -m ix in g  an d  p ressu risa tio n  
w o u ld  h av e  an  a ffec t o n  th e  th e rm al pro file , th ree  v acu u m  m ix ed  w ith  
p re ssu risa tio n  ex p e rim en ts  w e re  p erfo rm ed  w ith  CM W ®  1 G en tam ic in  bone 
cem en t. A s  m en tio n ed  p rev io u sly , b u d g e t lim ita tio n s re s tr ic ted  th e  n u m b er o f  
vacu u m  m ix  ex p e rim en ts  p e rfo rm ed . T ab le  3 .6  su m m arises  lab o ra to ry  cond itions 
an d  ex p erim en ta l re su lts .
E x p e r im e n t  N u m b e r E x p . 25 E x p . 26 E x p . 27 M e a n S td . D ev.
L a b .  te m p e ra tu re  ( °C ) 25 18 24 2 2 3.8
L a b .  r e la t iv e  h u m id ity 37% 61% 48% 49% 1 2 %
P e a k  cem en t tem p  ( °C ) 87 1 0 0 98 95.0 7.0
T im e  o f  p e a k  c em en t te m p  (s ) 331 362 271 321.3 46.3
P e a k  stem  tem p  ( °C ) 70 79 73 74.0 4.6
T im e  o f  p e a k  stem  te m p  (s ) 424 414 309 382.3 63.7
P e a k  fe m u r  tem p  ( °C ) 58 56 57 57.0 1 .0
T im e  o f  p e a k  fe m u r  tem p  (s) 505 558 422 495 .0 68.5
Table 3.6: CMW® 1 Gentamicin thermal results fo r vacuum-mixed, pressurised
experiments
N o  sta tis tica lly  s ig n if ic a n t th e rm a l d ifference  w as  m easu red  fo r p e a k  cem en t 
tem p era tu re  an d  p e a k  in s tru m en ted  fem u r tem p era tu re  b e tw een  th e  CM W ® 1 
G en tam ic in  n o n -v acu u m ed , n o n -p ressu rised  and  CM W ®  1 G en tam ic in  vacuum - 
m ix ed  and  p re ssu rised  ex p erim en ts  (/-test, p<0.05). H o w ev er, th e  in strum en ted  
s tem  d id  m easu re  a  s ta tis tic a lly  sign ifican t low er tem p era tu re . I t  is p o s tu la ted  th a t 
th is  m easu red  s ta tis tica l d iffe ren ce  is p o ssib ly  due  to  a  loose  th e rm o co u p le , as no 
s ta tis tica l d iffe ren ce  w a s  m easu red  fo r th e  b one  cem en t, an d  it  is th e  b o n e  cem ent
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that heats the stem. Therefore, from this suite o f experimental results, it is 
inferred that the combined action o f vacuum mixing and pressurisation does not 
have any statistically significant thermal consequence.
Solid Stem (CMW® 1 Gentamicin, Non-Vacuumed, Non-Pressurised)
Two experiments were performed using a solid 316L stainless steel cylinder o f 
equal external diameter and length to the instrumented stem, to investigate the 
effect o f a solid stem compared to the instrumented stem. Table 3.7 summarises 
laboratory conditions and experimental findings, for the solid stem experiments 
(CMW® 1 Gentamicin non-vacuum mixed, non-pressurised).
Experiment Number Exp. 28 Exp. 29
Lab. temperature (°C) 23 22.5
Lab. relative humidity 35% 38%
Peak cement temp (°C) 86 79
Time of peak cement temp (s) 437 412
Peak stem temp (°C) N/A N/A
Time of peak stem temp (s) N/A N/A
Peak femur temp (°C) 52.4 50.5
Time of peak femur temp (s) 554 529
Table 3.7: Thermal results for solid representative stem experiments
The increased heat capacity o f  the stem reduced the peak cement temperature by 
approximately 13°C and the instrumented femur peak temperature by 
approximately 4°C. The solid stem also had the effect o f extending the “working 
tim e” o f the cement by approximately 120 seconds, as the cement took longer to 
reach the knee point temperature, i.e. the point when the temperature rate 
changed from a slow gradual increase to a rapid increase in temperature, (Figure 
3.17).
Overview Of Thermal Experimental Results
The location o f  4 thermocouples were varied from experiment to experiment to
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experiment number 29. Note thermocouple locations are indicated on top o f
image.
gain an understanding o f  the tem perature h istory for the entire construct. From  
this it w as noted  that the cem ent at the interfaces were approxim ately  10 to 20°C 
below  the cem ent tem perature at the centre regions. A lso, the m ajority  o f  the 
experim ents revealed tha t different locations w ith in  the cem ent m ass reached 
peak  tem perature at different tim es. Typically, the cem ent m ass at the distal 
region reached  peak  tem perature 15 seconds before the cem ent m ass a t the 
proxim al region. Table 3.8 sum m aries the average therm al results for the 
different initial conditions considered.
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Cement Brand Vacuum Pressure No. Of 
Experiments
Mean Peak 
Cement Temp.
(°C)
Mean Time Of 
Peak Temp (s)
SmartSet®
Gentamicin
No No 6 99.8 433
CMW® 1 
Gentamicin
No No 6 98.3 309
CMW®1
Gentamicin
Yes No 4 93.8 328
CMW® 1 
Gentamicin
No Yes 8 95.9 356
CMW® 1 
Gentamicin
Yes Yes 3 95.0 321
CMW® 1 
Gentamicin 
(Solid Stem)
No No 2 82.5 424
Table 3.8 : Summary of mean experimental thermal results
3.3.2 Strain Results 
Instrumented Femur Transient Results
A strain and temperature versus time result measured by the instrumented femur 
is illustrated in Figure 3.18. The slight hoop tensile force occurring between 66 
and 88 seconds is due the insertion o f the instrumented stem. As the cement is in 
a viscous state, the tensile hoop strains return to 0 (is after insertion. After 
approximately 240 seconds, the exterior o f the instrumented femur begins to 
increase in temperature due to the exotherm o f the cement. Thus the associated 
tensile strains were primarily due to thermal apparent strains. A t 291 seconds (7 
seconds before peak cement temperature), both the axial and hoop strain slopes 
changed significantly, even though the representative femur temperature is 
continuing to increase slowly. It is postulated that this change in slope is due to 
mechanical strain and signifies the initiation o f  residual strain. For the hoop 
strain, the temporary inflection o f  the curve at approximately 460 seconds
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Figure 3.18: Instrumented femur transient strains with associated temperatures 
over the first 600 seconds (10 minutes). Data taken from experiment number 1 
(CMW® 1 Gentamicin, non-vacuumed, non-pressurised).
coincides w ith  the attainm ent o f  peak  tem perature in  the fem ur and is due to 
apparent strain  effects.
F igure 3.19 illustrates a typical instrum ented fem ur result over the first 10,800 
seconds (3 hours). From  Section 3.2.6, it is evident that the axial strain  gauge is 
less sensitive to  therm al effects than  the hoop strain  gauge. From  the validation 
testing, a  m axim um  therm al stra in  o f  approxim ately 150 jxs at 55°C w as induced 
due to  therm al effects. A s the residual axial strains are o f  significantly  greater 
m agnitude th an  the apparent strains, the m easured transient axial strains relay an 
approxim ate depiction o f  the transien t strains induced in  the representative fem ur 
due to  cem ent polym erisation over the curing process. A ppendix  G  contains a 
sam ple o f  instrum ented fem ur transient strain  results w ith  associated 
tem peratures over the first 10,800 seconds.
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Figure 3.19: Typical instrumented femur strain result with associated 
temperatures over the first 10,800 seconds (3 hours). Data taken from 
experiment number 1 (CMW® 1 Gentamicin, non-vacuumed, non-pressurised).
Instrumented Stem Transient Results
Figure 3.20 illustrates a transien t strain  and associated tem peratures versus tim e 
resu lt, m easured  by  the  instrum ented stem  over the first 600 seconds (10 
m inutes). U nlike the instrum ented  fem ur, the instrum ented stem  did  not m easure 
any associated  strains from  the p lunging  o f  the stem  into the viscous cem ent 
m ass. This is because the representative stem  is m uch less com pliant com pared 
to  the  representative fem ur, as the Y oung’s m odulus o f  the representative stem  
m ateria l is approxim ately  193 G Pa [122], w hile the Y oung’s m odulus o f  the 
representative fem ur is approxim ately  7.6 G Pa [115].
For the  hoop strain results, bo th  the apparent strain and residual m echanical 
stra in  w ere negative. Therefore it w as difficult to  distinguish  the m om ent o f  
stress-locking. For the axial stra in  results, the apparent strain  w as positive, while 
the residual m echanical strain w as negative. O n exam ination o f  the transient 
ax ial strain  result, at 291 seconds (7 seconds before peak cem ent tem perature)
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Figure 3.20: Instrumented stem results with associated temperatures over the 
first 600 seconds (10 minutes). Data taken from experiment number 1 (CMW® 1 
Gentamicin, non-vacuumed, non-pressurised).
the slope o f  the trace changes drastically , even though the instrum ented stem 
tem perature is steadily  increasing. It is postu lated  that this change in  slope is due 
to  m echanical strain, and signifies the in itiation  o f  residual strain. This result is in 
line w ith  the findings o f  the instrum ented fem ur, w hich also first appeared to 
reg ister m echanical strain  7 seconds before the attainm ent o f  peak  cem ent 
tem perature. This result also im plies that the bone cem ent stress-locked some 
tim e shortly  p rio r to  the first m easurem ent o f  residual strain. Figure 3.21 
illustrates a transien t strain  and tem perature versus tim e result m easured by  the 
instrum ented  stem  over the first 10,800 seconds (3 hours). A ppendix  H  contains 
a  sam ple o f  other instrum ented stem  transient strain results w ith  associated 
tem peratures over the first 10,800 seconds.
CMW® 1 Gentamicin, Non-Vacuumed, Non-Pressurised
Table 3.9 sum m arises the instrum ented stem  and fem ur strain  gauge 
m easurem ents for CMW® 1 G entam icin  non-vacuum  m ixed, non-pressurised 
experim ents. A s m entioned  previously , to  ensure the reported  residual strains did
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Figure 3.21: Typical instrumented stem strain result with associated 
temperatures over the first 10,800 seconds (3 hours). Data taken from 
experiment number 1 (CMW® 1 Gentamicin, non-vacuumed, non-pressurised).
not include any therm al apparent strains, all strain  m easurem ents w ere taken  3 
hours after the initiation o f  m ixing.
Experiment Number Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Mean Std. Dev
Peak cement temp (°C) 97 97 102 93 109 99.6 6.1
Femur axial (fie) -874 -711 -437 -450 -774 -649.2 196.6
Femur hoop (fie) -1958 -2153 -1295 N/A N/A -1802 449.8
Stem axial (jie) -72 -97 -84 -71 -56 -76 15.4
Stem hoop (fie) -31 -52 -49 -57 -65 -50.8 12.6
Table 3.9: CMW® 1 Gentamicin residual strain results for non-vacuumed, non­
pressurised experiments
From  Table 3.9 it is ev ident that for the instrum ented fem ur, bo th  the hoop and 
axial directions reg istered  com pression. This w as anticipated, as stress-locking 
occurs at an  elevated tem perature. A fter stress-locking, as the bone cem ent
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mantle cools, it wants to reduce in volume due to thermal shrinkage. However 
the cement mantle is constrained from doing so, due to the mechanical lock 
between the cement mantle and representative femur. Thus hoop and axial 
compression is induced in the instrumented femur.
The instrumented stem also registered hoop and axial compression. The axial 
compression was due to the thermal shrinkage o f  the cement mantle. From 
examination o f  the experiments at breakdown, the cement mantle appeared to be 
adhered to the instrumented stem. This bond therefore would transfer the 
shrinkage loads from the cement mantle to the stem. It is postulated that the hoop 
compression is due to the combination o f  two factors. Firstly, the e-glass/epoxy 
composite has a much lower Young’s modulus (approximately 7.6 GPa [115]) 
compared to the 316L stainless steel (approximately 193 GPa [122]). Therefore it 
is much less stiff and will strain significantly under the residual load, allowing 
the cement mantle to  shrink onto the stem inducing compression. Secondly, the 
coefficient o f thermal shrinkage o f  both the cement mantle and e-glass/epoxy is 
much greater than that o f  the 316L stainless steel. Therefore on cooling both 
materials may shrink onto the instrumented stem, inducing compression.
SmartSet® HV Gentamicin, Non-Vacuumed, Non-Pressurised
Table 3.10 summarises the instrumented stem and femur strain gauge 
measurements for non-vacuum mixed, non-pressurised SmartSet® HV 
Gentamicin bone cement experiments.
Experiment Number Exp. 7 Exp. 8 Exp. 9 Exp. 10 Exp. 11 Mean Std. Dev
Peak cement temp (°C) 102 91 97 107 89 97.2 7.5
Femur axial (fie) -137 -263 -633 -629 -356 -403.7 221.7
Femur hoop (fie) -1084 -702 -1778 -2067 -1252 -1376.7 546.6
Stem axial (fis) -86 -79 -92 -44 -92 -78.8 20.3
Stem hoop (|ie) -89 -59 -78 -84 -38 -69.5 21.3
Table 3.10: SmartSet® HV Gentamicin residual strain results for non-vacuumed,
non-pressurised experiments
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Results reveal no statistical difference between the CMW® 1 Gentamicin non­
vacuumed non-pressurised and the SmartSet® HV Gentamicin non-vacuumed 
non-pressurised residual strain results (/'-test, p<0.05). Therefore results indicate 
both CMW® 1 Gentamicin and SmartSet® HV Gentamicin both produce similar 
residual stress levels.
CMW® 1 Gentamicin, Non-Vacuumed, Pressurised
Table 3.11 summarises the instrumented stem and femur strain gauge 
measurements for CMW® 1 Gentamicin non-vacuumed, pressurised experiments.
Experiment Number
Exp.
13
Exp.
15
Exp.
16
Exp.
17
Exp.
18
Exp.
19 Mean
Std.
Dev
Peak cement temp (°C) 96 95 90 104 90 100 95.8 5.5
Femur axial (fis) -255 -25 -120 -490 -382 -354 -271.0 173.6
Femur hoop (|1 e) 348 237 102 N/A N/A -492 48.8 374.3
Stem axial (fie) -67 -67 -41 -128 -120 -119 -90.3 36.5
Stem hoop (pie) -106 -135 -138 -57 -47 -79 -93.7 38.9
Table 3.11: CMW® 1 Gentamicin residual strain results for non-vacuumed,
pressurised experiments
Upon comparison between the CMW® 1 Gentamicin non-vacuumed, non- 
pressurised with the current results, pressurisation o f  the curing cement mass had 
a statistically significant effect on both the femur axial and hoop strains (/-test, 
jEKO.05). Note the average representative femur axial strains reduced from -649 
|xe to -271 [is and the hoop strains from -1802 (j.8 to 49 |xe. With respect to the 
instrumented stem average strain results, the axial strains increased from -76 fj.s 
to -90 |xe and the hoop strains from -51 fxe to -94 ^s. The stem hoop strain 
increase was statistically significant while the stem axial was not statistically 
significant.
CMW® 1 Gentamicin, Vacuum Mixed, Non-Pressurised
Table 3.12 summarises the instrumented stem and femur strain gauge
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measurements for CMW® 1 Gentamicin vacuum mixed, non-pressurised 
experiments.
Experiment Number Exp. 21 Exp. 22 Exp. 23 Mean Std. Dev
Peak cement temp (°C) 98 98 96 97.3 1.2
Femur axial (he) -136 -974 -1045 -718.3 505.6
Femur hoop (h e ) -1220 -1562 -1764 -1515.3 275.0
Stem axial (he) -35 -72 -102 -69.7 33.6
Stem hoop (he) -147 N/A -174 -160.0 19.1
Table 3.12: CMW® 1 Gentamicin residual strain results for vacuum-mixed, non-
pressurised experiments
Results reveal no statistical difference between the CMW® 1 Gentamicin non­
vacuumed non-pressurised and the current residual strain results (t-test, /K0.05). 
Therefore results indicate vacuum mixing bone cement does not significantly 
alter the residual stress levels,
CMW® 1 Gentamicin, Vacuum Mixed, Pressurised
Table 3.13 summarises the instrumented stem and femur strain gauge 
measurements for CMW® 1 Gentamicin vacuum mixed and pressurised 
experiments.
Experiment Number Exp. 25 Exp. 26 Mean Std. Dev
Peak cement temp (°C) 87 100 93.5 9.2
Femur axial (he) -38 -845 -441.5 570.6
Femur hoop (he) 113 -1160 -523.5 900.1
Stem axial (he) -64 -95 -79.5 21.9
Stem hoop (he) -113 -11 -62.0 72.1
Table 3.13: CMW 1 Gentamicin residual strain results for vacuum mixed,
pressurised experiments
Due to variance, a greater sample number would be required before any 
conclusion(s) regarding the combined actions o f  vacuum mixing and 
pressurisation on the resultant residual strain levels, compared with
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non-vacuumed non-pressurised experiments, may be drawn. However it is 
postulated that a significant effect would occur due to the pressurisation action.
Solid Stem (CMW® 1 Gentamicin, Non-Vacuumed, Non-Pressurised)
Table 3.14 summarises the instrumented femur strain gauge measurements for 
CMW® 1 Gentamicin non-vacuum mixed, non-pressurised experiments 
performed with a solid representative stem. These experiments were performed 
to investigate the effect o f  an increased stem heat capacity.
Experiment Number Exp. 28 Exp. 29 Mean Std. Dev
Peak cement temp (°C) 86 79 82.5 4.9
Femur axial (ps) -795 -705 -750.0 63.6
Femur hoop ( h e ) -1731 -1568 -1649.5 115.3
Table 3.14: Residual strain results for solid stem experiments (CMW® 1 
Gentamicin, non-vacuumed, non-pressurised)
Results indicate the use o f  a solid stem has a negligible impact on the residual 
strain levels compared with CMW® 1 Gentamicin, non-vacuumed, non- 
pressurised experimental results, however a greater sample number would be 
required to confirm these indications.
Debonded Interface
A  number o f  experiments were performed to investigate the effect o f a debonded 
interface. Table 3.15 summarises the initial conditions and measured residual 
strains. For experiment number 6, the debonded cement-femur interface induced 
negligible strains in the instrumented femur and appears to have increased the 
residual strains in the instrumented stem. This may be explained by the thermal 
shrinkage o f  the bone cement mantle. It is postulated that, as the cement is 
debonded from the instrumented femur, it separates from the instrumented femur 
and shrinks onto the instrumented stem. Therefore the instrumented femur 
registers no strain while the instrumented stem registers a relatively high residual 
strain.
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Experiment Number Exp. 6 Exp. 13 Exp. 24
Debonded Interface Cement-Femur Cement-Femur Stem-Cement
Cement brand CMW1 SmartSet CMW1
Pressurisation No Yes No
Vacuum-mixed No No Yes
Peak cement temp (°C) 92 113 83
Femur axial (pe) -12 -127 -890
Femur hoop (pe) 12 -149 -402
Stem axial (pe) -133 -67 -4
Stem hoop (pt) -73 -50 -112
Table 3.15: Residual strain results for debonded interface experiments
For experiment number 13, the release agent didn’t seem to be completely 
effective, as compressive residual strains were induced in the instrumented 
femur. The adherence o f  the cement may be due to the pressurisation o f the 
cement mantle. The pressurisation may have forced the viscous cement to form a 
partial physical lock with the instrumented femur.
Experiment number 24 had release agent applied to  the stem-cement interface. 
This had the effect o f  reducing stem axial strains to a negligible level. It is 
postulated that the cement was unable to adhere to the stem, thus allowing the 
cement to slide over the stem. The instrumented stem m easured significant hoop 
strains. It is postulated that this may be due to the shrinkage o f  the cement mantle 
in the hoop direction onto the stem. The instrumented femur registered 
significant hoop and axial strains, however the axial strain was significantly 
greater than the hoop strain. In every other non-pressurised experiment, the hoop 
strain was significantly greater than the axial strain. This may be due to the 
representative femur taking the entire axial shrinkage load, as the stem-cement 
interface was unable to support the axial shrinkage. These experiments support 
the hypothesis that shrinkage is the primarily factor in the generation o f residual 
stress. Table 3.16 summarises the mean residual strain results.
3.4 Discussion  
Peak Temperatures
No statistically significant peak temperature difference was measured between
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Cement
(Comment)
Vacuum Pressure No. Of 
Experiments
Stem
Axial
(lie)
Stem
Hoop
(HE)
Epoxy
Axial
(Us)
Epoxy
Hoop
(I«)
SmartSet45
Gentamicin
No No 5 -79 -70 -404 -1377
CMW® 1 
Gentamicin
No No 5 -76 -51 -649 -1802
CMW^l
Gentamicin
No Yes 6 -90 -94 -271 49
CMW* 1 
Gentamicin
Yes No 3 1 <1 o -160 -718 -1515
CMW® 1 
Gentamicin
Yes Yes 2 -80 -62 -442 -524
CMW® 1 
Gentamicin (Solid 
Stem)
No No 2 N/A N/A -750 -1650
Table 3.16: Summary of mean residual strain results
vacuum mixed and non-vacuum mixed cement. Likewise no statistically 
significant peak temperature difference was measured between pressurised and 
non-pressurised experiments. Thus from the experimental work performed, it is 
evident that both vacuum-mixing and pressurisation have negligible effects on 
the cement thermal profile during polymerisation.
No statistically significant thermal difference was measured between CMW® 1 
Gentamicin and SmartSet® HV Gentamicin for both cement and stem peak 
temperature magnitudes. However, the instrumented femur did measure a 
statistically significant higher peak temperature for SmartSet® HV Gentamicin 
compared to the CMW® 1 Gentamicin experiments. It is postulated that this is 
due to the longer period o f time the cement was at an elevated temperature, due 
to SmartSet® HV Gentamicin's slower polymerisation rate.
Time To Peak Temperature
A statistically significant time difference was measured between CMW® 1
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Gentamicin and SmartSet® HV Gentamicin bone cements. SmartSet® HV 
Gentamicin reached its peak cement temperature approximately 120 seconds 
after CMW® 1 Gentamicin. This is consistent with D ePuy’s claim that SmartSet® 
allows for greater working time [118].
Residual Strain
The first measurement o f residual strain typically occurred 7 seconds before the 
attainment o f  peak cement temperature. Over ha lf the experiments first recorded 
residual strain to occur between 6 and 8 seconds before the attainment o f  peak 
cement temperature. Only one experiment from 29 recorded residual strain 
initiation after the attainment o f peak cement temperature. These results are 
similar to experimental findings by a number o f  authors [39, 105, 106] who 
reported the first occurrence o f  residual strain to approximately coincide with the 
attainment o f  maximum temperature in the cement.
Effect Of Cement Brand
No statistically significant residual strain differences were measured between 
CMW® 1 Gentamicin and SmartSet® HV Gentamicin bone cements. This was to 
be expected as both cements produced similar peak temperatures at the moment 
o f stress-locking.
Effect Of Vacuum Mixing
No statistically significant change in residual strain was measured between 
cement m ixed under vacuum conditions with cement mixed under atmospheric 
conditions. This is significant, as previous research established a clear 
relationship between pore reduction mixing methods and increased cement 
shrinkage [33, 74, 98]. Orr et al [33] reported almost 4 times more shrinkage 
(7.3%) for -86 kPa vacuum mixed cement over non-vacuum mixed cement 
(1.95%), which laid the foundation for the premise that greater vacuum levels 
may induce greater residual stress. The fact that no significant increase in cement 
residual strain was recorded between non-vacuum mixed cement and cement
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prepared under a vacuum o f -86 kPa suggests that the dominant shrinkage 
mechanism after the cement has attained its properties as a solid is thermal 
shrinkage.
Effect Of Pressurisation
Noteworthy residual strain differences were measured between the experiments 
involving non-pressurised and pressurised bone cement mantles. The average 
instrumented femur hoop strains were reduced from -1656 (is to -116 fis by 
pressurisation. This is associated with a significant relief o f  compressive hoop 
stress in the bone analogue material due to pressurisation. The average 
instrumented stem hoop strains increased from -71 |ie to -86 |ie. This points to a 
small net compressive effect on the stem hoop stresses due to pressurisation. For 
the axial strains, the average instrumented femur values were reduced from -690 
(xs to -280 |xs, while the average axial instrumented stem strains slightly 
increased from -74 jas to -88 [is. Thus the overall pressurisation effect appears to 
be a significant reduction in the residual strains in the representative femur, with 
a slight increase in residual strains for the representative stem.
These changes may be explained when one considers the state o f stress induced 
in the representative stem and femur by the pressurised cement ju st before the 
moment o f stress-locking. A t this moment the bone cement is under 
compression, due to the applied load. This in turn induces a compressive hoop 
stress on the stainless steel tube and a tensile hoop stress in the e-glass/epoxy. At 
the moment o f  stress-locking the tube remains in hoop compression and the e- 
glass/epoxy in hoop tension. As the bone cement cools it shrinks due to thermal 
contraction. Thus for the e-glass/epoxy, the hoop strains change from hoop 
tension to hoop compression. As the Young’s modulus o f  the e-glass/epoxy is 
much lower than that o f  the stem, both the cement mantle and e-glass/epoxy 
contract about the stem inducing hoop compression. Thus for the experimental 
model employed, pressurisation reduced the e-glass/epoxy hoop strains (average 
measured reduction o f  1540 (¿e) and increased the tube hoop compression strains 
(average measured increase o f 15 us).
1 0 8
It is hypothesised that for the in vivo scenario, after the cement solidifies and 
cools, hoop compression would be induced in the femur and hoop tension in the 
stem. This is because the Young’s modulus o f  femoral bone is much greater than 
that o f  the e-glass/epoxy. Therefore in vivo the cement mantle and femur will not 
shrink onto the stem as for our experimental model, but induce tensile hoop 
loading to the stem, due to negligible hoop contraction in the femur. Thus, it is 
hypothesised based on experimental findings, that pressurisation o f  the curing 
cement mantle in vivo will reduce both residual stresses in the femur and stem.
Limitations
The experimental model attempted to represent the in vivo scenario as closely as 
feasible, but yet measure the transient temperatures and residual strains. A 
number o f  differences exist between the in vitro model utilised and a typical 
cemented femoral arthroplasty. The more significant o f these differences may be 
enumerated as follows;
1. The bone cement mantle was 5.4 mm thick in the in vitro model. While 
bone cement mantles o f this thickness do occur, typical modem 
cementing techniques employ thinner cement mantles, at approximately 3 
mm thick. The relatively thick cement mantle was a deliberate design 
feature to maximise the cement polymerisation temperature and therefore 
to maximise residual strain levels, while still remaining within cement 
mantle thicknesses found in vivo.
2. A 316L stainless steel tube o f  1 mm thickness was utilised to represent 
the femoral prosthesis. This was employed in order to measure the 
transient residual strains. In vivo, the stem would be solid and therefore 
have a much greater “heat sink” capacity. Two experiments were 
performed with a non-instrumented solid stem to investigate this effect. 
Results indicate that the use o f the instrumented stem instead o f  a solid 
stem had the effect o f  increasing the peak cement temperature by 
approximately 13°C (from approximately 82°C with the solid stem to 
approximately 95°C with the instrumented stem) and increasing the
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instrumented femur peak temperature by approximately 4°C (from 
approximately 52°C with the solid stem to approximately 56°C with the 
instrumented stem). The instrumented stem also had the effect o f 
reducing the “working time” o f  the cement by approximately 120 
seconds, as the cement took a shorter period o f  tim e to reach the knee 
point temperature (when the temperature rate changes from a slow 
gradual temperature increase to a rapid temperature increase).
3. To represent the femur, a cylinder o f e-glass/epoxy composite, 
manufactured by Sawbones Europe AB, Sweden, was utilised. W hile this 
cylinder was designed by Sawbones to represent the mechanical 
properties o f bone, it had a number o f limitations. The more significant o f 
these included; the transverse Y oung’s modulus o f  approximately 3 GPa 
for e-glass/epoxy compared with approximately 9 GPa for femoral bone 
and the specific heat capacity o f  approximately 880 J/kg-K for the e- 
glass/epoxy, compared with approximately 1,300 J/kg-K for femoral 
bone.
4. For the in vitro model, the exterior o f  the representative femur was in 
contact with air at 37°C. In vivo the exterior o f the femur is in contact 
with body tissue (fascia, muscle, fat etc). The aforementioned tissue 
would have a much greater thermal conductivity and heat capacity 
compared with air. Also this tissue would have a blood supply. Therefore 
it is postulated that due to the aforementioned reasons, the exterior o f the 
femur in vivo would remain close to 37°C throughout bone cement 
polymerisation. From the experimental work, the exterior o f the 
representative femur reached a typical peak temperature o f 56°C. While 
the exterior o f  the representative femur could have been encased in a fluid 
o f  37°C, this was not implemented to ensure the reliable operation o f the 
strain gauges.
Despite these limitations, the in vitro model employed represents the most
anatomically representative experimental model utilised to date to quantify the
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transient level o f residual strains in the femoral construct due to cement 
polymerisation. The in vitro model utilised was the first to;
1. Simulate the presence o f the cancellous bone structure, and ensure a 
mechanical lock between the cement mantle and the representative femur.
2. To perform the experimentation at body temperature (37°C).
3. To record the transient residual strains induced in the representative 
femur.
3.5 Chapter Sum m ary
This chapter reported the transient temperatures and strains induced in a 
representative femoral construct during bone cement polymerisation and up to 
three hours from the initiation o f mixing. The experimental findings may be 
enumerated as follows;
1. Vacuum mixing does not significantly effect the cement temperatures 
during polymerisation.
2. Pressurisation does not significantly effect the cement temperatures 
during polymerisation.
3. CMW® 1 Gentamicin and SmartSet® HV Gentamicin bone cements both 
produced equally high peak cement temperatures.
4. The first registration o f  residual strain occurs approximately 7 seconds 
before the attainment o f peak cement temperature. This indicates stress- 
locking occurred some time shortly previous to this point i.e. 7 seconds 
before peak temperature.
I l l
5. N o statistically significant residual stress differences were measured 
between CMW® 1 Gentamicin and SmartSet® HV Gentamicin.
6. Vacuum-mixing bone cement does not appear to increase residual stress 
levels. This result implies that thermal shrinkage is the dominant process 
for residual stress formation.
7. Pressurisation o f  the polymerising cement mantle had a distinct effect on 
the residual strain magnitudes. Experimental results indicate that a 
significant reduction in residual stresses m ay be achieved in vivo by 
cement m antle pressurisation.
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Chapter 4
Finite Element Analysis Of In Vitro Residual
Stresses
4.1 Introduction
The objective o f  this chapter is to develop a finite element model o f  the 
experimental apparatus, and use it to validate the analysis methodology, which 
can be applied to more geometrically complex situations.
In order to establish a modelling methodology for the prediction o f residual 
stresses, the following steps were followed;
1. Simple geometry and uniform temperature distribution
•  Compared to published Morse taper experimental results
•  Compared to a theoretical model
2. Simple geometry with heat generation abilities
•  Compared to experimental results and the literature
3. Physiological geometry with heat generation
Figure 4.1 outlines the modelling development for the prediction o f residual 
stress and the fulfillment o f  thesis objectives.
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Figure 
4.1: Flow 
chart of 
model developm
ent and 
the fulfillm
ent of 
thesis
objectives
M o d e l  D e v e l o p m e n t  a n d  V a l i d a t i o n  ( O b j e c t i v e s  4 ,  5 ,  6 )
I n p u t s  M o d e l  V a l i d a t i o n
4.2 Preliminary Finite E lem ent Analysis: M orse Taper
Experiments
As a foundation for the development o f  a future model, and to establish 
confidence in the finite element methodology, the experimental work published 
by Orr et al [33] was initially modelled. Orr et al [33] investigated whether 
thermal cooling alone from the moment o f stress-locking was sufficient to form 
cracks in bone cement. Section 2.4.3 summarises the experimental methodology 
and results. As the Morse taper and bone cement ring were o f  known uniform 
temperature at the moment o f  assembly (representative o f the moment o f stress- 
locking) and as femoral effects were ignored due to the assumption o f the 
debonded cement-femur interface, this allowed for a relatively simple finite 
element model.
4.2.1 Model Definition
The objectives o f  this research include the modelling o f  an anatomically 
representative femoral hip construct, as defined in Section 1.5. Due to the femurs 
complex geometry, symmetry may not be employed to reduce the anatomical 
model from 3-D to 2-D. Therefore, as a foundation to future modelling, and to 
impart confidence in the finite element methodology, the experimental work 
published by Orr et al [33] was modelled in 3-D. To validate the methodology, 
the FEA results were compared with both the experimental findings published by 
Orr et al, and a theoretical model developed from thick wall cylinder theory.
The ANSYS FEA software product, developed by ANSYS Inc., (PA, USA) was 
selected to perform all finite element modelling. ANSYS is a comprehensive, 
general-purpose, finite element package and a leading FEA programme for over 
20 years [127]. ANSYS has the capability to model problems in areas o f 
structural mechanics, thermal analysis, fluid mechanics, acoustics and 
electromagnetics. ANSYS may also perform static or transient, linear or non­
linear and coupled field problems. Pertaining to this research the more important
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capabilities o f  ANSYS include its ability to solve mechanical, thermal, contact 
and coupled environment problems.
Geometry
The M orse taper and bone cement sample geometries were developed and 
assembled with Pro-Engineer 2001 (PTC Inc., MA, USA). Material geometries 
were matched with those reported by Orr et al [33], and defined in Section 2.4.3. 
To reduce the num ber o f  nodes required to mesh the Morse taper geometry, a 21 
mm segment o f the M orse taper total geometry was considered. It is postulated 
that this assumption would not affect the residual stress levels, as the Morse taper 
has a Y oung’s modulus approximately 90 times that o f  the bone cement. A  taper 
o f  0.05 mm per mm exists for the M orse taper utilised in the experimental work 
[128, 129]. Therefore over the 7 mm contact length o f  the cement sample, a taper 
o f 0.35 mm existed. Due to this relatively small taper, a regular non-tapered solid 
cylinder was assumed. The assembled geometries were imported into ANSYS 
v7.1.
Element
The choice o f  elem ent used to model the system is important, as it defines what 
the finite element software will calculate at each node. It also has a bearing on 
the mesh distribution and accuracy o f  the model. To enable the same 
m ethodology to be applied to later models in the mechanical environment, the 
chosen element to mesh the Morse taper must also be suitable for the 3-D 
anatomically representative model, as discussed in research objectives, (Section 
1.5).
To model the anatomical geometry effectively the mechanical environment 
element m ust have the ability to calculate displacement, (UX, UY and UZ) and 
temperature (TEMP) at each node. Due to the relatively complex geometry o f the 
femur, cement mantle and stem, the element must also have the ability to mesh 
complex geometries. In conjunction with this, the chosen element must be 
compatible with a similar thermal element to permit coupled field analysis.
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Future m odels w ill em ploy coupled field  analysis to  in itially  m odel the bone 
cem ent exotherm ic reaction  during polym erisation  in  the therm al environm ent 
and subsequently  m odel and predict the level o f  residual stress in  the m echanical 
environm ent.
A  num ber o f  d ifferent elem ents fulfil the g iven criteria. These elem ents include 
SO LID 45 (hexahedral 8-node brick  elem ent), SO LID 92 (tetrahedral 10-node 
elem ent) and  SO LID 95 (hexahedral 20-node b rick  elem ent) [130]. The SO LID 92 
elem ent w as selected  due to  its m ulti-node tetrahedral structure. This structure 
perm its the elem ent to  m esh  curved boundaries and tolerate irregular shapes 
w ithout m uch  loss o f  accuracy [130], required  for the 3-D m odelling o f  the 
artificial h ip  construct in  later m odels. R esearch  by R am os et al [131] evaluated 
and com pared tetrahedral versus hexahedral finite elem ent elem ents based  on a 
fem ur geom etry. The authors concluded tetrahedral linear elem ents w ere m ore 
accurate than  hexahedral elem ents. F igure 4.2 graphically  describes the chosen 
10-node tetrahedral elem ent, SOLID92.
Figure 4.2: Line diagram ofSOLID92 element. Adapted from ANSYS [ISO],
The accuracy o f  a  finite elem ent m odel w ill depend, am ongst other variables, on 
the density  o f  the m esh. The m axim um  num ber o f  nodes allow ed w ith  the D C U  
A N SY S license is 32,000 nodes. The residual stresses o f  the M orse taper w ere o f
L
K
.1
M esh
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secondary im portance, therefore a  less dense m esh  w as applied to  the  M orse 
taper geom etry  (approxim ately  7,000 nodes), com pared to  tha t o f  the bone 
cem ent sam ple (approxim ately 22,000 nodes). Figure 4.3 illustrates the m odel 
post m eshing. The m esh  density  w as controlled  by  setting the m axim um  elem ent 
size for each  volum e and  m eshing each  volum e separately. Free m eshing w as 
utilised.
Figure 4.3: 3-D meshed model o f Morse taper with cement ring assembled
Contact
To include the frictional effects betw een the M orse taper and bone cem ent ring, 
the A N SY S contact analysis feature w as utilised. C ontact problem s fall into tw o 
general categories, rig id-to-flexible and flexible-to-flexible. R igid-to-flexible 
analysis requires less com putational resources com pared w ith  flexible-to-flexible 
[130]. A s the stainless steel o f  the M orse taper had  a Y oung’s m odulus 
approxim ately  90 tim es tha t o f  bone cem ent, rigid-to-flexible contact w as u tilised  
to  increase efficiency.
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ANSYS supports three contact methods, node-to-node, node-to-surface and 
surface-to-surface. From ANSYS literature, surface-to-surface nodes are 
recommended for modelling interference fit problems, as surface-to-surface 
elements handle sliding effects and are generally more computational efficient 
[130]. Thus surface-to-surface contact elements were utilised. To mesh the 
surfaces, the ANSYS v7.1 “Contact W izard” was utilised. Post meshing, the 
Morse taper surface was meshed with 778 TARGE170 elements, while the bone 
cement contact surface was meshed with 1,828 CONTA174 elements.
4.2.2 Material Properties
In line with Orr et al [33] experimental work, material properties representative 
o f 316L stainless steel and Palacos® R non-vacuum mixed bone cement were 
assumed for the relevant materials. Both materials were assumed to be linearly 
isotropic and homogeneous. Table 4.1 summarises the material properties 
assumed.
Morse Taper 
(Stainless Steel 
316L)
Bone Cement 
(Palacos® R Non- 
Vacuumed)
Young’s modulus (E) 193 GPa [122] 2.11 GPa [33]
Poisson’s ratio (v) 0.28 [132] 0.455 [33]
Expansion coefficient (a) 1.6 x 10°°C-1 [122] 8.0 x lO'* °C' [65]
Table 4.1: Material properties assumed for Morse taper and bone cement ring
4.2.3 Boundary Conditions And Loading
All temperature loads were applied as body loads, o f uniform magnitude over the 
full component volume. The cement samples were set with an initial peak 
temperature o f 60°C, 80°C, 100°C or 120°C over a number o f different analyses, 
while the stem always assumed an initial temperature o f 20°C. Both materials 
always assumed a final temperature o f 37°C.
119
The M orse taper geometry was constrained in a m anner that allowed the 
geometry to freely expand, but yet prevented free body motion. To achieve this, 
the lower face o f  the M orse taper was fixed in the UZ plane. To prevent free 
motion along the X  direction, the Morse taper frontal quadrant line was fixed in 
the X direction. Finally to  prevent rotation about this line the bottom-mid-left 
quadrant keypoint was fixed in the Y direction.
To enable a comparison with the plane stress theoretical model derived from 
thick wall cylinder theory, (see Appendix I for theoretical model development), a 
coefficient o f friction o f 0.01 was assumed at the interface. It is postulated that 
the coefficient o f  friction between the mandrel and cement sample would be 
relatively low, as the bone cement samples were not cured about the mandrel but 
gently placed about it. In conjunction with this, the taper o f  the mandrel may 
prevent full contact between both geometries, thus reducing friction. The 
Augmented-Lagrange contact algorithm was utilised to model interface 
conditions. This algorithm was selected due to its ability to model stick (shear 
stress is less than friction times normal stress), slip (shear stress is greater than 
friction times normal stress), and open (normal stress =  0) conditions [130],
4.2.4 Results
Figure 4.4 illustrates the von Mises stress distribution and magnitude for the 
assembly temperature o f  100°C. The stress distributions for the 60°C, 80°C and 
120°C assembly temperatures were o f similar format i.e. peak stress at cement- 
stem interface.
From Figure 4.4, it is evident that the peak calculated residual stresses occur at 
the M orse taper-cement interface. A  plot o f the hoop and radial stresses also 
reveal the peak stresses to occur at the interface. This result is in agreement with 
the experimental findings o f Orr et al [33]. Figure 4.5 illustrates the peak residual 
stress magnitude (stress at interface) calculated from the 3-D finite element 
model over the temperature range considered.
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Figure 4.4: Cross sectional view o f von Mises stresses (MPa) induced from an 
assembly temperature o f 100°C. Note displacements were magnified by a factor
oflO.
B o n e  C e m e n t Initial T e m p era tu re  f°C)
Figure 4.5: Peak residual stresses versus assembly temperature, predicted by
finite element model
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From Figure 4.5, it is evident that the hoop stresses were the most significant of 
the principal stresses and are tensile in nature. This is in line with the 
experimental findings published by Orr et al [33].
4 .2 .5  V a lid a tio n
From the experimental work published by Orr et al [33], no experimental 
measurements were made to quantify the level o f residual stresses in the bone 
cement samples. To validate the finite element methodology and results, a 
mathematical model was developed from thick wall cylinder theory to 
independently calculate the bone cement residual stresses (Appendix I). Table
4.2 compares the peak residual stresses predicted by the finite element model and 
the mathematical model.
Finite Element Model Results
Temperature (°C) 60 80 100 120
Von Mises Stress 4.63 8.22 11.9 15.5
Hoop Stress 3.36 6.01 8.65 11.1
Radial Stress -2.19 -3.91 -5.85 -7.32
Axial Stress 0.1 0.2 0.28 0.37
Mathematical Mode Results
Temperature (°C) 60 80 100 120
Von Mises Stress 4.88 8.59 12.28 15.98
Hoop Stress 3.49 6.13 8.77 11.41
Radial Stress -2.09 -3.68 -5.26 -6.84
Axial Stress 0 0 0 0
Table 4.2: Comparison between finite element model results and mathematical
model results
From Table 4.2 it is evident that a correlation exists between the peak residual 
stresses calculated by the finite element model and the mathematical model. 
Likewise on comparison between the stress distributions calculated by the finite 
element model and the mathematical model, clear correlation exists. From Table 
4.2, the average difference between both models was 0.3 MPa. Both stress
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distributions and magnitudes are consistent with published findings by Orr et al 
[33].
4.3 Finite E lem ent Analysis O f Experimental Work
From the experimental results reported in Chapter 3, a non-uniform temperature 
profile is known to exist for the representative stem, cement mantle and femur. 
As the temperature history o f  the experimental construct was measured during 
experimentation, a temperature profile in line with that measured at stress- 
locking could have been directly applied to the finite element model and the 
residual stresses calculated in the mechanical environment o f  ANSYS, in line 
with the finite element methodology performed in the previous section (Section 
4.2). Flowever future objectives require the calculation o f residual stresses for the 
in vivo scenario. Measurements pertaining to the temperature histoiy during THA 
do exist in the published literature, however they are limited and not sufficient 
for the calculation o f residual stress. Therefore, an independent finite element 
thermal analysis technique was implemented to define the temperature 
distribution at the moment o f  stress-locking. After verification with the measured 
experimental work, the thermal profile at the moment o f  assumed stress-locking 
was applied as the initial condition to a mechanical analysis (similar in 
m ethodology to that performed in Section 4.2), to quantify the residual stresses. 
Figure 4.6 outlines the flow chart for the FEA procedure employed for the 
calculation o f residual stress. This procedure is termed indirect coupled field 
analysis [130].
4.4 M odel Definition  
Geometry
The maximum number o f nodes allowed under the DCU ANSYS license 
agreement was 32,000 nodes. To increase the node density for the stem-cement- 
femur representative construct, the aluminium support frame and guide fins were
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Figure 4.6: Flow chart offinite element methodology for the quantification o f
residual stress
not included in  the 3-D finite elem ent m odel. It is postu lated  that these parts 
w ould  have negligible influence on the results, as they only contacted the stem- 
cem ent-fem ur construct at the base and w ere em ployed only as an aid to  the 
procedure.
The inclusion  o f  the d iam eter 1.2 m m  holes drilled into the representative fem ur 
to  sim ulate the presence o f  the cancellous bone structure w ere not incorporated 
into the fin ite elem ent m odel. It is postulated  that th is lim itation  w ould  have a 
neglig ib le effect on the results, due to the small diam eter associated  w ith  these 
holes. F igure 4.7 illustrates the CA D  m odel developed in  Pro-E ngineer W ildfire 
2.0 (PTC Inc., M A , U SA ) representative o f  the experim ental m odel. Sim ilar to 
the M orse taper assem bly, the geom etry  created in  Pro-E ngineer w as im ported 
into A N SY S.
Element
The m echanical environm ent elem ent SO LID 92 was selected fo r the structural 
sim ulations for the reasons d iscussed in  Section 4.2.1. From  coupled field 
analysis, th is elem ent is only com patible w ith  SO LID 87 in  the therm al
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Stainless Steel 
Bone Cement
E-glass/epoxy
Figure 4.7: 3-D CAD model o f experimental construct
environm ent [130]. SO LID 87 has one degree o f  freedom  at each  node, i.e. 
tem perature. The elem ent is applicable to  a 3-D, steady-state or transien t therm al 
analysis. S im ilar to  SO LID 92, SO LID 87 is a  10 node, tetrahedral elem ent w ith  
m id-nodes, (F igure 4.8).
► X
K
Figure 4.8: Geometry ofSO LID 87 element. Adapted from  ANSYS help [130 ]
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Mesh
In  line w ith  the m eshing m ethodology em ployed for the M orse taper m odel, the 
m esh  density  w as controlled  by setting  the m axim um  elem ent size for each 
volum e and free m eshing each volum e separately. The bone cem ent m antle  was 
m eshed  w ith  a  h igher m esh  density  com pared to the representative stem  and 
fem ur, as this constituent w as o f  prim ary  interest. A fter m eshing, the 
representative stem  contained approxim ately  5,000 nodes, the cem ent m antle 
approxim ately  16,000 nodes, and the representative fem ur approxim ately  7,000 
nodes. F igure 4.9 illustrates the fin ite elem ent m odel after m eshing.
Figure 4.9: 3-D experimental model after meshing with element SOLID87
Contact Analysis
To perm it the  m odelling o f  in terface conditions, flexible-to-flexible, surface-to- 
surface contact elem ents, TA R G E T170 and C O N T A I74, w ere applied  to  the 
construct. To m esh  the surfaces, the  A N SY S v9.0  “C ontact W izard” w as utilised. 
A fter m eshing  the m odel contained approxim ately  4,000 contact nodes.
126
4 .5  M aterial Properties
4 .5 .1  D i la to m e te r  M e a s u r e m e n ts
T he coefficien t o f  therm al expansion o f  CMW® 1 G entam icin bone cem ent plays 
a  critical role in  the prediction o f  residual stress. D espite the w idespread use o f  
bone cem ent over the past 40 years, on ly  one source could be located from  public 
literature that reported  the m easurem ent o f  bone cem ent coefficient o f  therm al 
expansion. B ased  on  d ilatom eter experim ents, A hm ed et al [65] m easured  the 
coefficient o f  therm al expansion to  be approxim ately 8 x  10'5oC‘1. H ow ever, 
these experim ents w ere based on  a  Simplex® P  bone cem ent and perform ed in  
1982.
CMW® 1 Gentamicin Coefficient Of Thermal Expansion
To quantify  the linear coefficient o f  therm al expansion for CMW® 1 G entam icin 
bone cem ent, d ilatom eter experim ents w ere perform ed. A ll experim ents w ere 
perfo rm ed  w ith  the D IL402 (N etzsch-G eratebau Gm bH, G erm any) dilatom eter. 
The bone cem ent sam ples w ere taken  from  the experim ental w ork  perform ed in  
C hapter 3. The bone cem ent sam ples w ere approxim ately 25 x  4 x  4 m m  in 
geom etry, (Figure 4.10).
Figure 4.10: Bone cement sample w ith in dilatometer
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Twenty four dilatometer experiments were performed with CMW® 1 Gentamicin 
bone cement. The cement sample mixing condition (vacuum mixed or non­
vacuum mixed), curing condition (pressurised or non-pressurised) and sample 
age were noted. Table 4.3 summarises the initial conditions and the measured 
coefficient o f  thermal expansion.
Vacuum No Yes No Yes
Pressurisation No No Yes Yes
Coefficient 
x 10"6oC 1 
(Sample age 
from mixing)
Coefficient 
xlO'6oC ‘ 
(Sample age 
from mixing)
Coefficient 
x 10'6 °C"‘ 
(Sample age 
from mixing)
Coefficient 
x  10"6 “C"1 
(Sample age 
from mixing)
N o . l 1 0 0 .2  (9 0  d a y s ) 8 7 .8  (2 7  d a y s ) 82 .1  (1 5  d a y s ) 8 5 .9  (5 7  d a y s )
N o .2 8 4 .7  (3 2  d a y s ) 83.1  (1 h o u r) 8 1 .6  (9  d a y s ) 7 8 .7  (5 0  d a y s )
N o .3 9 8 .3  (3 3  d a y s ) 81 .1  (4  h o u rs ) 8 4 .5  (9  d a y s ) 8 2 .3  (4 9  d ay s)
N o .4 9 1 .9  (2  h o u rs ) 1 0 1 .4  (3 0  m in ) 8 6 .0  (5 8  d a y s ) 8 8 .4  (5 8  d a y s )
N o . 5 8 1 .5  (4  d a y s ) 8 9 .2  (5  h o u rs ) 8 7 .9  (6 0  d a y s ) 9 0 .8  (51  d a y s )
N o .6 1 0 2 .7  (2 .5  d a y s )
N o .7 1 0 1 .6  (3 0  m in )
N o .8 9 4 .8  (5  h o u rs )
N o .9 9 3 .3  (1 .5  d a y s )
Mean 91.3 92.8 84.4 85.2
Std. Dev 8.2 8.1 2.7 4.8
Table 4.3: Dilatometer experimental results for CMW® 1 Gentamicin bone
cement
From the dilatometer experiments performed, it is apparent that the sample age 
and mixing condition had a negligible impact on the cements coefficient o f 
thermal expansion. Conversely, pressurisation appeared to have the statistically 
significant (/-test, p<0.05) effect o f lowering the cements coefficient o f  thermal 
expansion from 92.3 x 10'6oC_l (mean non-pressurised) to 84.8 x 10'6oC '' (mean 
pressurised). However, due to the porous nature o f  the bone cement and the large 
assortment o f  variables that significantly affect its mechanical properties a larger 
sample number would be required to confirm this finding.
Non-pressurised conditions are considered for the finite element model o f the 
experimental work. Thus the mean coefficient o f  thermal expansion found for all 
the non-pressurised bone cement samples i.e. 92 x lO '^C '1, was assumed for the 
thermal expansion o f  CMW® 1 Gentamicin bone cement.
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SmartSet® HV Gentamicin Coefficient Of Thermal Expansion
To quantify the linear coefficient o f thermal expansion for SmartSet® HV 
Gentamicin bone cement, 16 dilatometer experiments were performed. Eight 
non-pressurised bone cement samples and 8 pressurised bone cement samples. 
Table 4.4 summarises the cement samples initial conditions and dilatometer 
measurements.
Vacuum No No
Pressurisation No Yes
Coefficient x 10'6 "C"1 Coefficient x 10'6 °C'1
N o.l 68.1 70.3
No.2 69.1 76.3
N o.3 68.9 74.0
No.4 74.0 69.6
N o.5 75.4 65.3
N o.6 70.3 78.8
N o.7 68.8 74.6
No. 8 80.0 78.8
Mean 71.8 73.5
Std. Dev 4.0 4.4
Table 4.4: Dilatometer experimental results for SmartSet® HV Gentamicin bone
cement
From the 16 dilatometer experiments performed, results indicate no statistically 
significant difference between pressurised and non-pressurised SmartSet® HV 
Gentamicin linear coefficient o f thermal expansion (/-test, ¿><0.05). On 
comparison between all the CMW® 1 Gentamicin bone cement experiments with 
all the SmartSet® HV Gentamicin bone cement experiments, SmartSet® HV 
Gentamicin had a statistically significantly lower coefficient o f  thermal 
expansion.
E-glass/epoxy Coefficient Of Thermal Expansion
The coefficient o f  thermal expansion o f the utilised e-glass/epoxy was not 
documented by the manufacturer (Sawbones Europe AB, Sweden). Due to the 
m aterials composite nature and the fact that the e-glass fibres were orientated
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along the axial direction, different coefficients o f  therm al expansions would exist 
between the axial and transverse directions, as discussed in Section 3.2.6. In 
conjunction with this, there exists a significant disparity in the coefficient of 
thermal expansion between the epoxy matrix coefficient o f thermal expansion, 
(100 x  10~6oC ' [133]) and the coefficient o f thermal expansion o f  the e-glass 
reinforcement (5 x  10'6oC '' [134]). Therefore the volume fraction o f the 
reinforcement and the orientation o f  the reinforcement will have a direct impact 
on the materials coefficient o f thermal expansion. The manufacturer o f the 
representative femur was contacted to establish the volume fraction o f 
reinforcement employed. However, this proved to be unfruitful.
To determine the coefficient o f thermal expansion o f the representative femur, 10 
dilatometer experiments were performed. Due to sample size restraints, i.e. a 
sample size o f  at least 1 8 x 4 x 4  mm is required by the dilatometer, only samples 
from the longitudinal direction could be measured, as the e-glass/epoxy cylinder 
obtained was neither 18mm radially thick nor sufficiently thick to obtain samples 
in the hoop direction. Thus, only the longitudinal coefficient o f thermal 
expansion could be measured. Table 4.5 summarises the dilatometer 
measurement results. For the finite element model, the mean coefficient o f 
thermal expansions (37.9 x 10"6oC‘1), was assumed for the representative femur 
longitudinal direction.
Coefficient Of Thermal Expansion (x lO'^C'1)
NO. 1 2 9 .6
N o .2 25 .5
No.3 3 5 .0
n o .4 43 .1
No.5 3 1 .8
No.6 47 .5
No.7 52.3
No.8 3 3 .0
No.9 3 3 .6
NO. 10 4 7 .8
Mean 3 7 .9
Std. Deviation 9.1
Table 4.5: Dilatometer experimental results for e-glass/epoxy in the longitudinal
direction
130
Table 4.6 summarises the material properties assumed for the 316L stainless steel 
tube. The representative stem was assumed to be linearly isotropic and 
homogeneous. All material properties were assumed to be independent o f 
temperature for the temperature range considered.
4.5.2 316L Stainless Steel Material Properties
Young’s
modulus
(GPa)
Poisson’s
ratio
Coefficient 
of thermal 
expansion
(10-6°c -l)
Density
(kg/m3)
Specific
heat
capacity
(J/kgK)
Conductivity
(Wm/K)
193
[122]
0.28 [132] 16 [122] 8000 [122, 
132]
500 [122] 16.3 [122]
Table 4.6: 316L stainless steel tube mechanical and thermal properties
4.5.3 Acrylic Bone Cement Material Properties
The mechanical properties o f  orthopaedic bone cement reported in the literature 
varies significantly, as discussed in Section 2.2.6. For example Tanzi et al [78] 
reported a Y oung’s modulus o f 1.99 GPa for bowl and spatula mixed CMW® 1 
bone cement, while Harper and Bonfield [47] reported a Young’s modulus o f 
2.96 GPa for the same cement (CMW® 1) with the same mixing method (bowl 
and spatula). For this reason, the mechanical properties assumed for the bone 
cement were not taken from experiments performed using CMW® 1 Gentamicin 
bone cement only, but from typical values found in the literature and typically 
used by previous researchers who performed FEA involving bone cement. Table 
4.7 summarises the bone cement properties assumed for the finite element model. 
The bone cement was assumed to be linearly isotropic and homogeneous. All 
material properties were assumed to be independent o f  temperature for the 
temperature range considered.
131
Young’s
modulus
(GPa)
Poisson’s
ratio
Coefficient
of thermal
expansion
(lO -eoc-1)
Density
(kg/m3)
Specific
heat
capacity
(J/kgK)
Conductivity
(W m /K )
2.6 [110] 0.43 [33] 92* 1190 [32, 
33, 57]
1450 [32] 0.17 [57, 
135]
Table 4.7: Bone cement assumed mechanical and thermal properties
'Measured experimentally, see Section 4.5,1
4.5.4 E-glass/epoxy Material Properties
Due to the orientation o f  the e-glass reinforcement in the axial direction, as 
discussed in Section 3.2.6, the e-glass/epoxy cylinder cannot be assumed 
isotropic. However the mechanical properties in the transverse directions i.e. 
hoop and radial directions, will have similar properties as the e-glass fibres were 
orthogonal to both directions. Thus transverse isotropy was assumed for the e- 
glass/epoxy cylinder. Table 4.8 summarises the mechanical and thermal 
properties assumed for the e-glass/epoxy material. The e-glass/epoxy was 
assumed to be homogeneous. All material properties were assumed to be 
independent o f  temperature for the temperature range considered.
Axial Transverse
Young’s modulus (GPa) 7.6 [115] 3.0 (Note 1)
Shear modulus (GPa) 3.0 (Note 2) 1.2 (Note 2)
Poisson’s ratio 0.26 (Note 3) 0.26 (Note 3)
Coefficient of thermal expansion (10'6oC_1) 37.9* 80 (Note 4)
Density (kg/m3) 1700 [115] 1700 [115]
Specific heat capacity (J/kgK) 878 (Note 5) 878 (Note 5)
Conductivity (Wm/K) 0.6 (Note 6) 0.4 (Note 6)
Table 4.8: E-glass/epoxy assumed mechanical and thermal properties
‘ Measured experimentally, see Section 4.5.1
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Note 1:
Note 2:
Note 3:
Note 4:
Note 5:
The manufacturer o f  the e-glass/epoxy did not specify the transverse 
Y oung’s modulus [115]. As the e-glass fibres were known to be 
orientated in the longitudinal direction, it was postulated that the 
m atrix material (epoxy) would provide the principal stiffness in the 
transverse directions. Epoxy has a Y oung’s modulus o f  2.6 GPa
[133]. A representative value o f 3.0 GPa was assumed for the 
transverse Y oung’s Modulus o f the representative femur.
£
Shear modulus calculated by G ------------  [37]
2(1 + v)
From a personal communication with a representative (Mr. Peter 
Asker) o f  the e-glass/epoxy cylinder manufacturer (Sawbones Europe 
AB, Sweden), it was conveyed that the composite material had a 
Poisson’s ratio o f 0.26.
The coefficient o f  thermal expansion o f epoxy is 100 x 10'6oC‘‘ [133]. 
The coefficient o f thermal expansion o f e-glass is 5 x  10'6oC ' [134], 
The coefficient o f  thermal expansion o f  the representative femur 
longitudinally was measured at 37.9 x  10'6oC \  As the e-glass fibres 
were orientated longitudinally, the transverse coefficient o f thermal 
expansion m ust be greater than the axial coefficient. It is postulated 
that the matrix material (epoxy) would dominate the transverse 
coefficient o f  thermal expansion rate. From this the coefficient o f 
thermal expansion o f  80 x 10'fioC"' was assumed to occur in the 
transverse direction.
To establish the representative femurs heat capacity, the weight 
percentage o f  reinforcement filler is required. To solve for this, the 
composite “rule o f  mixtures” equation was adopted, (Equation 4.1) 
[136].
X c = XmVm + XfVv (4.1)
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Where “X ” represents a certain mechanical property and “V” 
represent the density fraction. The subscript “c” represents the 
composite material i.e. representative femur, the subscript “m ” 
represents the matrix material i.e. epoxy, and the subscript “f ’ 
represents the filler material i.e. e-glass. The manufacturer o f the 
representative femur state the density o f  the e-glass/epoxy composite 
to be 1700 kg/m3 [115]. E-glass has a reported density o f 1200 kg/m3
[134] and the epoxy has a reported density o f  2600 kg/m3 [133]. 
Using the rule o f mixtures, the representative femur was calculated to 
be composed o f  approximately 64% weight e-glass fibre and thus 
36% weight epoxy matrix. With the mixture ratios established, and 
the specific heat capacity o f the epoxy (1000 J/kg-K [133]) and e- 
glass (810 J/kg-K [134]) known, the rule o f mixtures was again 
applied to establish the representative fem ur’s specific heat capacity. 
A  specific heat capacity o f  878 J/kg-K was calculated for the 
composite cylinder.
Note 6: The reported thermal conductivity o f epoxy is 0.2 W /m-K [133]. The
reported thermal conductivity o f the e-glass fibre is 1.3 W/m-K [134]. 
As the fibres were orientated longitudinally, a greater thermal 
conductivity would occur in the axial direction compared to the 
transverse directions. Also, as the e-glass fibres were completely 
encapsulated by the epoxy, it is postulated that the conductivity would 
be biased m ore towards the epoxy value than the e-glass value. With 
this considered, a conductivity o f 0.6 W /m-K was assumed for the 
axial direction and the thermal conductivity o f  0.4 W/m-K was 
assumed for the transverse directions.
4.6 Boundary Conditions A n d  Loads
To quantify the residual stresses, it is first required to establish the temperature 
profile at the moment o f  stress-locking. To define this, a transient thermal 
analysis was performed. The thermal profile at the time o f assumed stress-
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locking was then applied as the initial condition to a mechanical analysis to 
define the residual stress magnitude.
4.6.1 Transient Thermal Analysis 
Exotherm Profile
The exothermic reaction profile quantifies the thermal energy released during 
polymerisation. To model the exothermic reaction, a methodology similar to that 
employed by Huiskes [8] and Swenson et al [56] was implemented. In this 
methodology the bone cement total thermal energy released per unit volume 
(J/m3) and the rate o f  energy release was measured experimentally. This 
measured profile was then applied to the finite element model to quantify the 
exothermic reaction.
Swenson et al [56] based their exothermic profile on experimental work 
performed by Amstutz and Gruen [137]. Amstutz and Gruen based their 
measurements on Simplex® P bone cement. A  search o f  the published literature 
was performed to locate any research performed that profiled the exothermic rate 
for CMW® 1 Gentamicin bone cement. From an extensive literature search, no 
such data could be located.
Numerous authors have performed Differential Scanning Calorimetry (DSC) 
experiments to measure the rate o f energy release for polymerising bone cement 
and to define the total thermal energy released [57-60, 138-140], To quantify the 
rate o f  energy released for polymerising CMW® 1 Gentamicin bone cement and 
to define the total therm al energy released per unit volume, DSC experiments 
were performed. All the DSC experiments were performed with a Pyris 6 
Differential Scanning Calorimeter (PerkinElemer Inc., CT, USA). The DSC 
measures the thermal energy flow into or from the cement sample, while the 
temperature remains fixed or follows a prescribed temperature history. The DSC 
measurements may be slightly conservative, as any polymerisation that takes 
place before the DSC machine begins would be unaccounted for. From the DSC
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experiments performed, this time period was typically m easured to be the first 
110 seconds after the initiation o f mixing. This tim e period accounted for the 
mixing o f  the cement, the placement o f  the cement sample onto a tray, the 
weighing o f  the cement sample, the placement o f  the sample into the DSC 
machine and finally after the initiation o f the machine, the length o f time 
required for the DSC to established thermal equilibrium (approximately 30 
seconds).
To enable a comparison with DSC research by Yang et al [59, 60], a number o f 
different DSC thermal profiles were implemented. Yang et al based their 
experiments on Simplex® P bone cement. Table 4.9 summarises the DSC 
programmed thermal profiles and the measured exotherm results.
DSC Programmed 
Thermal Profiles
Number Of 
Experiments
Total Thermal Energy 
Liberated (x 106 J/m3)
Mean Standard
Deviation
Isothermal at 25°C 3 59.1 13.4
Isothermal at 37°C 3 126.3 4.6
Isothermal 30°C for first 
90s, remainder 10°C/min
1 125.5
Table 4.9: Differential scanning calorimetry programmed thermal profiles and 
the measured exotherm results based on CMW® 1 Gentamicin bone cement
A significantly lower quantity o f thermal energy was released under isothermal 
conditions o f  25°C compared with the remainder o f  the DSC experiments. This is 
in line with published results by Yang et al [59, 60], who reported the total 
thermal energy liberated at isothermal 25°C to be 86 x 106 J/m3, while with a 
heating rate o f  10°C per minute, the total thermal energy liberated was 129 x 106 
J/m3 based on Simplex® P bone cement. Yang et al [60] postulated that the lower 
total thermal energy liberated at lower temperatures may be due to a greater
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proportion o f  the monomer not being converted to polymer as a consequence o f 
the low temperature condition.
From the experimental work discussed in Chapter 3, the CMW® 1 Gentamicin 
bone cement went from approximately 34°C to peak temperature at an average 
rate o f  30°C/min ±  7.2°C/min. A  number o f DSC experiments were attempted 
with the heating rate o f 30°C/min and at 20°C/min, to increase the 
representativeness o f the DSC thermal profile to that o f  the experiments. 
However, with these thermal profiles the initial part o f  the exotherm was missed 
by the DSC, and for this reason these results have not been included.
The DSC exotherm measurement for the thermal history o f  isothermal 30°C for 
the first 90 seconds and a heating rate o f  10°C/min for the remainder o f the 
experiment was selected to represent the polymerisation exotherm o f bone 
cement for the finite element model. This result was selected as the DSC applied 
thermal history was m ost representative o f  the experimental condition. Figure 
4.11 illustrates the DSC result for this condition. Note that the total thermal 
energy liberated (area under curve) for this temperature history was very similar 
to that obtained for isothermal 37°C conditions. This may indicate 126 MJ/m3 to 
be approximately the maximum thermal output for CMW® 1 Gentamicin bone 
cement.
The ANSYS function HGEN (Heat GENeration) was utilised to apply the heat 
generation rate. Due to the non-linear nature o f  the exothermic reaction, the 
tabular input method in ANSYS v9.0 was employed. A  tabular input (data point) 
was taken every 5 seconds. Ramped conditions were assumed between data 
points. Figure 4.12 illustrates the exotherm profile applied to the finite element 
bone cement volume.
Coefficient Of Thermal Convection
From the exothermic reaction o f the polymerising bone cement, the stem- 
cement-femur construct will exceed ambient temperature, i.e. 37°C. Therefore 
heat loss will occur due to thermal convection. From the literature, previous
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T i m e  (s)
Figure 4.11: DSC exotherm result for CMW® 1 Gentamicin from the DSC 
thermal history o f 30°C for the first 90 seconds (until approximately 200s from 
start o f mixing) and 10°C/min for the remainder o f the experiment
Time (s)
Figure 4.12: Exotherm profile applied to FE model
researchers w ho have perform ed transient therm al analyses, have assum ed 
coefficients o f  therm al convection  o f  5 W /m 2K  [139], 20 W /m 2K  [32] and 40 to
138
60 W /m2K [57]. However in all cases the authors did not give any justification 
for these values.
Equation 4.2 relates the approximate free thermal convection coefficient for a 
vertical cylinder, surrounded by air at atmospheric pressure, at a moderate 
temperature, under laminar air flow conditions [141].
W here “h” denotes the coefficient o f thermal convection (W/m2oC), “AT” denotes 
the temperature difference between the cylinder wall and the ambient air 
temperature, and “L” denotes the length of cylinder. Based on Equation 4.2, a 
convection coefficient o f 5.1 W/m2K was calculated and applied to the exterior
the interior surfaces o f  the stainless steel tube. Appendix J contains the 
m athematical details o f  these calculations. From Equation 4.2, as L becomes 
shorter, the coefficient o f  convection becomes larger. Based on this observation,
o f  the bone cement mantle that was in direct contact with air.
To maximise the m esh density o f the stem-cement-femur construct, the 
aluminium rig was not included in the finite element model, as discussed in 
Section 4.3. However the base surfaces o f the construct were in direction contact 
with the aluminium experimental rig. To simulate the heat loss due to thermal 
conduction between the construct and the aluminium base plate o f  the rig, a 
convection coefficient o f 50 W/m2K was assumed and applied to the base 
surfaces o f the construct that were in direct contact with the aluminium base 
plate. All convection loads assumed an ambient air temperature o f  37°C.
(4.2)
surfaces o f the representative femur, and 3 W/m2K was calculated and applied to
a coefficient o f thermal convection o f 10 W/m2K was assumed to the top surface
Thermal Interface Conditions
From the literature, previous researchers who performed transient thermal 
analyses have assumed a perfect thermal bond between the stem-cement and
cement-femur interfaces [8, 32, 142]. However, it is proposed that for the 
experimental work performed, a perfect thermal bond would not exist at the 
interfaces due to contaminates and microscopic air voids between the cement 
mass and interface material.
Bone cement has a thermal conductivity o f  approximately 0.17 W /mK [57, 135]. 
Air has a conductivity o f  0.024 W/mK [141]. An interface conductivity o f 0.14 
W /mK was assumed for the stem-cement interface while an interface 
conductivity o f  0.08 W /mK was assumed for the e-glass/epoxy-cement interface. 
A greater thermal resistance was applied to the e-glass/epoxy-cement interface, 
as the internal surface o f the composite cylinder was significantly more rough 
than the external surface o f the stainless steel tube. It is well established that 
rough surfaces have a higher interface thermal resistance than smooth surfaces 
[143].
Contact elements TARGE170 and CONTA174 were applied to the 3-D model to 
model interface conductivity conditions. For both interfaces, the Augmented- 
Lagrange contact algorithm was utilised to solve interface conditions.
Initial Conditions
In line with the experimental work documented in Chapter 3, the representative 
stem and femur were assigned an initial temperature o f 37°C. From the 
experimental work, the bone cement was measured to be approximately 27°C 
when it first contacted the representative femoral construct. Therefore the bone 
cement assumed an initial temperature o f  27°C. Due to the cement mixing 
process, the bone cement did not come into contact with the representative stem 
and femur until approximately 70 seconds after the initiation o f  mixing. For 
presentational reasons, all initial temperatures o f  the transient model remained 
fixed from 0 seconds (initiation o f  mixing) until 70 seconds. All material thermal 
properties were assumed to be independent o f  temperature for the temperature 
range considered. A maximum time step o f  5 seconds was imposed on the 
transient thermal analysis time stepping algorithm.
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From the experimental work performed in Chapter 3, the average first 
registration o f residual strain occurred at approximately 7 seconds before the 
attainment o f peak cement temperature (Section 3.3.2). This indicates that the 
bone cement m ust have sufficiently solidified to support a load some time shortly 
previous to this time. The sample rate from the data acquisition system used in 
the experimental work was approximately 7 seconds. Therefore to enable a 
comparison between the experimental data and the finite element model, the 
moment o f  stress-locking had to be assumed either at 7 or 14 seconds before the 
attainment o f  peak temperature. From the measured thermal data it is known that 
the bone cement changes temperature rapidly at this phase i.e. shortly before the 
attainment o f  peak temperature. As only a slight residual strain was first 
measured at 7 seconds before peak temperature, it was postulated that stress- 
locking would occur closer to 7 seconds before peak cement temperature than 14 
seconds. Therefore, for the finite element model, stress-locking was assumed to 
occur 7 seconds before the attainment o f  peak cement temperature.
Mechanical Interface Conditions
To simulate the presence o f cancellous bone and to ensure a mechanical lock 
between the cement mantle and the representative femur, 90 diameter 1.2 mm 
holes were drilled radially at 45° to the cylinder axis in the experimental model. 
Therefore for the finite element model, the e-glass/epoxy-cement interface 
assumed bonded conditions.
W ith respect to the stem-cement interface, previous residual stress finite element 
models by M ann et al [111] and Nuno et al [38, 112] have assumed debonded 
conditions, while research by Lennon and Prendergast [32] and Roques et al [34] 
assumed perfectly bonded conditions. Bone cement does have some have some 
adhesive characteristics. However, as discovered by Dr. Hasboush in 1951, the 
first person to use acrylic bone cement for a hip arthroplasty (Section 1.1.3), it 
does not have sufficient adhesive properties for a hip arthroplasty application. 
For this reason, in clinical use, bone cement is not used as an adhesive but to 
form a mechanical lock between the prosthesis and the contiguous bone.
4.6.2 Mechanical Analysis
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Evidence o f  a debonded stem-cement interface also appears in autopsy findings. 
Goldring et al [144] reported the occurrence o f a thick fibrous membrane with 
numerous macrophages and giant cells at the cement-stem interface. Fornasier et 
al [145] examined 5 retrieved TH R’s between 7 weeks and 5 years old. For each 
case, a thin layer o f connective tissue was present between the stem prosthesis 
and the bone cement mantle. Roques [41] reported evidence o f  slipping, and 
cracking based on an acoustic emission method. From this body o f  evidence, it 
was postulated that debonded conditions at the stem-cement interface would be 
more representative o f  reality than the perfectly bonded interface assumption. 
However this method is limited in that it does not include the element o f 
adhesion associated w ith bone cement. To the best o f  the author’s knowledge, all 
FE models assuming the debonded condition in the literature do not account for 
the adhesive element associated with bone cement.
From the literature, the reported coefficient o f friction between bone cement and 
typical stem material varies between 0.15 to 0.35 [111, 146, 147]. It is postulated 
that the upper end o f  this range would be more representative o f experimental 
conditions as the bone cement would have moulded and set about the stem. In 
line w ith research by Lennon and Prendergast [146], a coefficient o f  friction o f 
0.32 was assumed for the stem-cement interface. No data pertaining to 
differences between static and dynamic coefficients o f  friction could be found in 
the literature. A  static to dynamic ratio o f  1 was assumed.
Contact elements TARGE170 and CONTA174 were applied to model interface 
conditions. For the stem-cement interface the Augmented-Lagrange contact 
algorithm was utilised, due to its ability to model stick (shear stress is less than 
friction times normal stress), slip (shear stress is greater than friction times 
normal stress), and open (normal stress = 0) conditions. According to ANSYS 
documentation, the M PC algorithm is the recommended algorithm to implement 
bonded conditions [130]. Therefore for the e-glass/epoxy-cement interface, the 
M PC algorithm was employed to model the bonded interface condition.
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4 .7  F in ite  E lem en t A nalysis R esu lts
4 .7 .1  T r a n s i e n t  T h e r m a l  R e s u l ts
F igure 4.13 illustrates the transient therm al sim ulation result over the first 600 
seconds.
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Figure 4.13: FEA transient thermal result over first 600 seconds
T im e 0 seconds coincides w ith  the initiation o f  bone cem ent m ixing. A fter 70 
seconds it w as assum ed that the bone cem ent had been  added to  the 
representative fem oral construct and  therm al transfer initiates. B etw een 70 to  220
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seconds, the bone cem ent increases in  tem perature w hile bo th  the stainless steel 
tube and e-glass/epoxy reduce in  tem perature. This is prim arily  due to  therm al 
conduction effects. A fter 220 seconds the bone cem ent begins to  significantly  
exotherm  and at 327 seconds the bone cem ent m ass has reached its peak 
tem perature o f  91°C. Figure 4.14 illustrates the tem perature d istribution at the 
m om ent o f  peak cem ent tem perature.
Figure 4.14: Cross sectional view o f finite element result at 327 seconds after 
initiation o f mixing. Units are in degrees Celsius.
Table 4.10 com pares the fin ite  elem ent m odel peak  tem perature results w ith  the 
m ean  experim ental peak  tem perature results based on  all the CMW® 1 
G entam icin  experim ents perform ed u tilising the instrum ented stem.
A s d iscussed in  Section 4.6.2, stress-locking w as assum ed to  occur 7 seconds 
before the  attainm ent o f  peak cem ent tem perature. Thus stress-locking w as 
assum ed  to  occur at 320 seconds. Figure 4.15 illustrates the FE predicted  therm al 
d istribu tion  at the m om ent o f  assum ed stress locking.
144
Mean Experimental 
(Std. Dev)
Finite Element 
Analysis
Peak cement temp. (°C) 95.6 (6.3) 91
Time of peak cement temp, (s) 335 (50) 327
Peak stem temp. (°C) 80.8 (6.7) 73
Time of peak stem temp, (s) 379 (45) 405
Peak femur temp. (°C) 55.9 (2.2) 57
Time of peak femur temp. (°C) 5 1 8 (7 2 ) 550
Table 4.10: Comparison ofpeak temperatures attained and time o f occurrence 
between mean experimental results (all CMW® 1 Gentamicin experiments 
performed with instrumented stem) and FEA results
Table 4.11 com pares the m ean tem peratures from  the CMW® 1 G entam icin 
experim ental w ork at approxim ately  7 seconds before the attainm ent o f  peak 
cem ent tem perature and the FEA  resu lt at 7 seconds before the attainm ent o f  
peak  cem ent tem perature.
Mean Experimental 
(Std. Dev)
Finite Element 
Analysis
Cement temp. (°C) 85.4 (7.5) 89
Stem temp. (°C) 51.3 (7.9) 53
Femur temp. (°C) 38.3 (3.0) 38
Stem-cement interface 
(thermocouple in cement)
(°C)
71.3 (6.0) 72
Cement-femur interface 
(thermocouple in cement)
(°C)
71.1 (2.5) 74
Table 4.11: Comparison between mean experimental temperatures and FEA 
result, both at 7 seconds before the attainment o f peak temperature
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Figure 4.15: Thermal distribution at 320 seconds, the moment o f assumed stress 
locking; (Top) Solid model thermal distribution; (Bottom) Temperature profile 
along path 25 mm from the base as indicated on solid model result
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F or the quantification o f  residual stress, the therm al m odel need only be run to 
sim ulate the first 320 seconds. H ow ever to  establish  confidence in  the therm al 
m odel, a  transient sim ulation was perform ed to  sim ulate the first 3,600 seconds 
(1 hour) o f  the experim ental work. Figure 4.16 com pares the finite elem ent result 
w ith  an  experim ental result.
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Figure 4.16: Comparison between experimental result (top) and FEA result 
(bottom) over the first 3,600 seconds (1 hour) after initiation o f mixing
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Figure 4.15 illustrated  the tem perature d istribution at the m om ent o f  assum ed 
stress-locking, i.e. at 320 seconds. This therm al resu lt w as applied to  the 
m echanical environm ent and the residual strains calculated w ith  respect to 37°C. 
Table 4 .12 com pares the m ean CMW® 1 G entam icin  experim ental results for all 
experim ents perform ed w ith the instrum ented stem  that were non-pressurised and 
the FE A  residual strain  result.
4.7.2 R esidual Stress Results
M e an  E x p e r im e n ta l 
M ic ro s tra in  (S td . Dev)
F in ite  E le m e n t 
M odel M ic ro s tra in
E -g lass/epoxy  ax ia l -6 9 0 (± 2 7 6 ) -659
E -g lass/epoxy  hoop -1656 (± 3 1 5 ) -1836
S ta in less  steel ax ia l -74 (± 22) -88
S ta in less  steel hoop -82 (± 55) -74
Table 4.12: Comparison between mean experimental (all experiments performed 
with the instrumented stem that were non-pressurised) residual strain results 
versus the residual strains calculated by the finite element model
From  Table 4.12 it is evident that the num erically  calculated strains com pare 
w ell w ith  the m ean  experim ental strains. A ll FEA  predicted  strains are w ell 
w ith in  a single standard  deviation o f  the experim ental results.
Figure 4.17 (top) illustrates the residual stress resu lt in  the Y -direction. F o r the 
“cut” faces o f  the construct (Q -slice through  the longitudinal centre-line), it was 
assum ed that th is resu lt corresponds w ith  the radial residual stress, due to 
sym m etry  o f  the construction and orientation o f  the X , Y, and Z planes, as 
ind icated  on F igure 4.17. From  the sam e logic, stresses in  the X  and Z direction 
w ere assum ed to correspond to  the hoop and longitudinal stresses respectively. 
F igure 4.17 (bottom ) illustrates the assum ed principal stresses for the path  
defined on  the solid  m odel.
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Figure 4.17: (Top) Experimental solid model (Q-slice) residual radial stress 
(MPa) result; (Bottom) Approximate principal stress distribution for path
defined on the solid model
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From  F igure 4.17, it is evident that o f  the three assum ed principal stresses, 
longitudinal residual stress had the greatest m agnitude. Figure 4.18 illustrates the 
finite elem ent calculated  stresses in  the Z  direction (assum ed to  correspond w ith  
the longitudinal residual stress).
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Figure 4.18: Experimental solid model (Q-slice) residual stress (MPa) 
distribution in the Z direction (assumed longitudinal stresses)
From  Figure 4.17, hoop residual stresses had the second greatest m agnitude o f  
the principal stresses. F igure 4.19 illustrates the finite elem ent calculated  stresses 
in the X  direction (assum ed to  correspond w ith the hoop residual stress).
F igure 4.20 illustrates the finite elem ent residual von  M ises stress resu lt for the 
experim ental construction.
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Figure 4.19: Experimental solid model (Q-slice) residual stress (MPa) 
distribution in the Xdirection (assumed hoop stresses)
4.8 D iscussion
The finite elem ent m odel o f  the experim ental w ork published by  O rr et al [33] 
calculated  hoop stresses up to  15.5 M Pa. To validate the finite elem ent m odel 
results, a m athem atical m odel derived from  th ick  w all cylinder theory  was 
developed. B oth  the finite elem ent m odel and theoretical m odel results were 
directly  com parable w ith  each other, w ith  an  average disparity  o f  0.3 M Pa.
The reported ultim ate tensile strength o f  bone cem ent varies betw een 24 to 49 
M P a [48]. Therefore the predicted  level o f  residual stress on their ow n w ould  not 
be sufficient to  produce evidence o f  fracture dam age, as found in  the 
experim ental w ork pub lished  by  O rr et al [33]. H ow ever, the calculated 
m agnitude o f  residual stress, coupled w ith  stress concentrators, such as pores, 
m ay  be sufficient to  concentrate the local stresses to  a level w here m icro-cracks
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Figure 4.20: Experimental solid model (Q-slice) von Mises stress (MPa)
distribution
m ay form . A  num ber o f  different authors have calculated sub-ultim ate tensile 
residual stress m agnitudes, bu t concluded that cracking m ay occur due to  stress 
concentrators [32, 106]. In  support o f  th is hypothesis, O rr et al [33] did note the 
form ation  o f  m icro-cracks at or near the site o f  pores.
The bone cem ent coefficien t o f  therm al expansion has a central role in  the 
quantification o f  residual stress. O nly one source from  the literature w as located 
tha t had  previously  m easured  the bone cem ent coefficient o f  therm al expansion. 
H ow ever that research  perta ined  to  Simplex® P bone cem ent. To quantify the 
coefficient o f  therm al expansion  for CMW® 1 G entam icin and SmartSet® H V  
G entam icin, d ilatom eter experim ents w ere perform ed. From  a to tal o f  24 
d ilatom eter experim ents perform ed w ith CMW® 1 G entam icin bone cem ent, it 
w as found that sam ple age and  m ixing condition had  a negligible effect on  the 
cem ents coefficient o f  therm al expansion. R esults indicate pressurisation m ay
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have the effect o f  reducing the coefficient o f thermal expansion, however due the 
large number o f  factors that affect the bone cements mechanical properties, a 
larger sample number would be required to confirm this indication. From 16 
dilatometer experiments performed with SmartSet® HV Gentamicin, no 
statistically significant difference was measured between pressurised and non­
pressurised samples. On comparison between CMW® 1 Gentamicin and 
SmartSet® HV Gentamicin, a statistically significant lower coefficient o f thermal 
expansion was measured for SmartSet® HV Gentamicin (mean o f 72.6 x lO '^C '1) 
compared to CMW® 1 Gentamicin (mean o f 89.2 x lO '^C '1).
One o f the objectives o f  this research is the prediction o f  residual stresses in vivo 
(Section 1.5). From the literature, a number o f different finite element 
methodologies have been employed to calculate residual stress. Mann et al [ 111] 
assumed the generation o f residual stress from a uniform distributed temperature 
profile o f  chosen magnitude. Huiskes and De Wijn [109] and Ahmed et al [110] 
assumed the generation o f residual stress from a temperature distribution o f 
chosen magnitude. Huiskes [8] and Swenson et al [56] used a predefined 
exotherm obtained from experimental analyses to define the exotherm for their 
transient thermal analysis. For this methodology, the bone cement total thermal 
energy released per unit volume (J/m3) and the rate o f  energy release was 
measured experimentally. This measured exotherm history was then applied to 
the finite element model to quantify the exothermic reaction. M ore recently, 
Lennon and Prendergast [32] and Li et al [108] have used a mathematical 
method developed by Baliga et al [55] for the quantification o f exotherm rate. 
This m ethodology calculates the exothermic rate as a function o f local 
temperature and fraction o f  monomer polymerised. Despite the ability o f the 
exotherm methodology to include local temperature in the calculation of 
exotherm rate, a num ber o f  points should to be noted. Firstly, Lennon and 
Prendergast [32] reported 161 seconds (2.7 minutes) spanned between the 
calculated moment o f  peak cement temperature and the calculated moment the 
cement was 97% polymerised. This is interesting as it is generally regarded that 
the cessation o f polymerisation approximately coincides with the attainment o f 
peak cement temperature [8, 105-107]. Based on the DSC measurements from 
curing CMW® 1 Gentamicin bone cement (Section 4.6.1), the entire exotherm
153
phase (0-100% ) took approximately 150 seconds (2.5 minutes). Secondly, the 
parameters derived for the theoretical model by Baliga et al [55] related to 
Simplex® P bone cement only and assumed a number o f  approximations, as the 
main objective o f  Baliga et al’s [55] exotherm model was to propose a new 
methodology for the numerical modelling o f the exothermic reaction [55].
The methodology utilised in this research to model the polymerisation o f bone 
cement was similar to that employed by Huiskes [8] and Swenson et al [56] 
(exotherm measured experimentally and applied to the finite element model). To 
define the total quantity o f thermal energy released per unit volume and the 
exotherm rate, DSC experiments were performed for CMW® 1 Gentamicin bone 
cement. The measured exotherm was then applied to the finite element model to 
simulate the exothermic reaction o f  polymerising CMW® 1 Gentamicin bone 
cement. However this methodology has its own set o f  limitations. From the 
experimental work documented in Chapter 3, the bone cement slowly increased 
in temperature from ambient until it reached approximately 40°C, after this point 
the cement went from this temperature to peak temperature at a typical rate of 
approximately 30°C/min. W hile this thermal history was attempted with the DSC 
experimentation, it proved unfruitful. The condition o f isothermal at 30°C for the 
first 90 seconds and a heating rate o f 10°C/min for the remainder o f the 
experiment was the m ost representative o f experimental conditions achieved. 
While this thermal history does not accurately represent experimental conditions, 
from the DSC experimentation performed results indicate an ultimate thermal 
liberation o f 126 MJ/m3 for CMW® 1 Gentamicin. Therefore it is postulated that 
the difference between the measured exotherm trace and the exotherm trace in 
the experimental work would not be the total energy released, but a slight 
variation in the rate o f  energy released.
Good agreement was found to exist between the finite element model predictions 
o f time and maximum temperature with the average experimental results. A 
transient simulation was performed to simulate the first 3,600 seconds (1 hour) o f 
the experiment. From a side by side comparison, the finite element and 
experimental temperature profiles were directly comparable.
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O f primary interest was the temperature distribution at the moment o f stress- 
locking. Five points were compared between the finite element calculated 
temperature and the average experimental temperatures. Over the 5 points 
considered, a maximum o f 4°C difference existed between any o f the average 
experimental temperatures and the corresponding computational model 
temperature predictions.
A t peak temperature, the finite element model was slightly conservative, but yet 
matched well at the moment o f stress-locking. From the residual stress 
experiments documented in Chapter 3, the bone cement w ent from 34°C to peak 
temperature at an average rate o f 30°C/min ± 7.2°C/min. However the DSC 
applied a heating rate o f  10°C/min. It is postulated that due to the higher 
temperature attained under experimental conditions at the moment o f peak 
exotherm, the remaining monomer would polymerise quicker than under the 
DSC condition. This would enable the bone cement to reach a slightly higher 
peak temperature in the experimental work compared to the FEA predictions.
A  mechanical analysis similar in methodology to that performed for the 
prediction o f  residual stress based on the experimental work by Orr et al [33] 
(Section 4.2) was performed to predict the construct residual stresses. The finite 
element model residual strain predictions at the location o f  the strain gauges were 
comparable with the average experimental strain gauge measurements. 
Converting strain to stress, the finite element model longitudinal residual stress 
predictions were the m ost significant o f  the principal stresses, with a maximum 
magnitude o f approximately 18 MPa. Hoop residual stresses were the next most 
significant o f the principal stresses with a maximum magnitude o f  approximately
15.5 MPa. Finally radial stresses were the least significant o f the principal 
stresses, with a maximum magnitude o f  approximately 4.5 MPa. Based the von 
M ises stress criterion, maximum cement residual stresses o f approximately 16.5 
M Pa were predicted.
The calculated residual stresses are higher than comparable finite element studies 
reported in the literature. For example M ann et al [111] reported longitudinal 
residual stresses to be the m ost significant at approximately 6.0 MPa, hoop
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residual stresses to be the next most significant at approximately 5.5 MPa and 
finally radial residual stresses were least significant at approximately -2.5 MPa. 
Roques et al [34] reported maximum residual stresses o f 11.85 MPa. Lennon and 
Prendergast [32] reported residual stress o f 1 to 7 MPa, while Huiskes and De 
Wijn [109] reported residual stresses o f  approximately 4 MPa. However in all 
these studies the bone cement stress-locking temperature was significantly lower 
than those measured in Chapter 3. Therefore higher residual stresses for the 
current model conform with expectations.
4.9 Chapter Summary
The strain gauge data from the experimental work documented in Chapter 3 
quantified the strains experienced by the interior o f  the representative stem 
approximately 25 mm from the base and the exterior o f  the representative femur 
approximately 30 mm from the base. In this chapter a finite element analysis 
methodology, independent o f  the Chapter 3 experimental measurement, was 
developed to quantify the transient thermal and resultant residual stresses based 
on the experimental configuration. The finite element thermal and structural 
results were directly comparable with the experimental results. Longitudinal 
residual stresses were the most significant o f  the principal stresses, with a 
maximum magnitude o f approximately 18 MPa. Based on the von Mises 
criterion, maximum residual stresses o f approximately 16.5 MPa were predicted.
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C h a p t e r  5
F i n i t e  E l e m e n t  A n a l y s i s  O f  I n  V i v o  R e s i d u a l  
S t r e s s e s
5.1 Introduction
From the literature, numerous numerical studies have been performed that 
calculate the transient thermal distribution o f  an artificial hip construct 
throughout bone cement polymerisation. However the majority o f  these 
numerical studies were primarily concerned with the cement-bone interface and 
whether thermal cell necrosis would occur. For this reason, many o f the 
numerical transient thermal analyses in the published literature consider only a 
small segment o f  an artificial hip construct. Based on a literature review, all 
thermal analyses performed for the quantification o f residual stresses have been 
based on simplified geometries, typically cylinders or 3-D models that were 
based on in vitro work. The first objective o f  this chapter was to apply the same 
thermal methodology defined and implemented in Chapter 4, to a 3-D anatomical 
model, to quantify the thermal distribution for the entire artificial femoral 
construct throughout polymerisation. The second objective o f  this chapter was to 
apply to same residual stress methodology defined and implemented in Chapter
4, to quantify the residual stresses based on a 3-D anatomical model.
After a total hip arthroplasty, the patient typically begins rehabilitation 1 to 2 
days after surgery [25, 26]. Typical rehabilitation activities include walking,
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getting into and out o f bed, getting into and o f a chair and stair ascent/decent. 
While bone cement is viscoelastic in nature, Roques [41] has reported that the 
stress relieving mechanisms from residual stresses appeared to take place at a 
relatively slow rate. Roques [41] postulated that when the construct is loaded for 
the first time by the patient, the residual stresses would be only partially relieved. 
As a result, Roques [41] recommended that residual stresses should be accounted 
for in the calculation o f artificial hip construct stresses, for the early portion o f  
the replacement lifetime. No such research could be located in the published 
literature. However in a related work, research by Nuno et al [38, 112] 
investigated whether the inclusion o f  residual stress would have an affect on the 
cement mantle stress levels, based on a simple finite element model. The authors 
concluded that the residual stresses would have an effect on the cement mantle 
stress distribution. However issues pertain with their finite element model and 
methodology. For example, to represent the residual stresses, a mechanical radial 
displacement o f 5 jxm was imposed at the stem-cement interface. To represent an 
external physiological load, a transverse and axial load o f  600 N  was applied. A 
more typical axial load for a hip joint would be approximately 2,000 N  [83-86, 
146].
The final objective o f  this chapter was to investigate and quantify the stresses of 
the artificial hip construct early in the lifetime o f the arthroplasty. Walking is one 
o f  the first rehabilitation activities performed by the patient. Therefore for the 
quantification o f the construct stresses early in the lifetime o f  the arthroplasty, 
the rehabilitation activity o f  walking was considered. An initial simulation was 
performed to define the construct stresses considering the forces due to walking 
only. The results from this simulation were compared with the literature to verify 
the legitimacy o f  the model. To define the construct stresses for the rehabilitation 
activity o f walking, both the peak forces due to walking in conjunction with the 
residual stresses due to bone cement polymerisation were applied to the 
anatomical finite element model.
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The femur is not symmetric. Neither are the mechanical forces placed upon it 
during gait. Therefore a 3-D model was required. An attempt was made to 
develop the 3-D anatomically representative solid model o f a reconstructed hip 
joint from Computer Tomography (CT) or Magnetic Resonance Imaging (MRI) 
data o f  a reconstructed joint. With the aid o f  specialised software, for example 
Materialise Mimics (Materialise Mimics, Belgium) or 3D Doctor (Able Software 
Corp, MA, USA), the CT or MRI images may be used to construct and form a 3- 
D solid model o f the stem, cement mantle and femur. Attempts were made to 
obtain MRI or CT data o f  a reconstructed femur from a number o f  different 
sources. However all attempts were unsuccessful, primarily due to patient-doctor 
confidentiality laws. To establish the 3-D anatomical model, the femur, stem and 
bone cement mantle were developed with Pro-Engineer CAD software (PTC, 
Needham, MA, USA) and assembled together to form the artificial femoral 
construct.
5.2 Model Definition
5.2.1 Femoral Prosthesis Geometry
According to the NJR for England and Wales, the Exeter™ femoral prosthesis by 
Stryker®-Howmedica-Osteonics (Stryker Corporation, Kalamazoo, MI, USA) 
was the most popular cemented stem prosthesis in 2003 and 2004 [4, 114]. In 
2004 the Exeter™ prosthesis accounted for 44.9% o f  all cemented hip 
replacement procedures. According to the Australian National Joint Replacement 
Registry 2004 annual report, the Exeter™ femoral prosthesis was also the most 
popular cemented stem brand in Australia, accounting for 38.6% o f  all cemented 
primary total hip replacements [5]. Due to its popularity, the Exeter™ stem was 
selected for the femoral prosthesis o f the 3-D anatomical model. Radiographic 
templates o f  the Exeter™ V40™ 44 mm No. 2 total hip system were obtained to 
define the geometry. The templates however only defined the elevation view of  
the prosthesis. To determine the end-view profile, a physical Exeter™ stem was 
obtained. From the physical Exeter™ stem, the thickness profile for the stem 
geometry was estimated. Based on these sources, a 3-D solid model o f the
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Exeter™ V40™ 44 mm No. 2 total hip system with a 26 mm diameter head was 
developed with Pro-Engineer version 2001. The developed 3-D CAD model o f  
the Exeter™ stem was not an exact reproduction o f  the prosthesis. However, its 
accuracy was sufficient for the finite element purpose intended. Figure 5.1 
illustrates the elevation, end-view  and auxiliary v iew  o f  the femoral prosthesis 
m odel.
TM TM
Figure 5.1: 3-D CAD solid model o f  No.2 44 mm Exeter V40 stem prosthesis 
with a 26 mm diameter head (Left) Elevation view (Middle) End-view (Right)
Auxiliary view
5.2.2 Bone Cement Mantle Geometry
To establish the cement mantle, two geometries are required. The medullary 
cavity post m odification by the surgeon and the femoral prosthesis. The femoral 
prosthesis has been defined and created in Section 5.2.1. The geometrical 
definition o f  the medullary cavity after modification by the surgeon is not
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absolute, as every femur is different and the m odification o f  the cavity is a 
manual process. Therefore variation exists from arthroplasty to arthroplasty.
To define a typical medullary cavity post THA, a number o f  sources were 
consulted. Verbal advice was received from surgical staff at M usgrave Park 
Hospital, Belfast. The surgical staff recommended a 2 to 3 mm thick bone 
cement mantle for a medium sized femur and a 3 to 5 mm thick bone cement 
mantle for large sized femur. A  surgical final stage femoral taper reamer was 
obtained and examined to acquire a greater understanding o f  the reconstructed 
medullary cavity shape, (Figure 1.3). Finally, longitudinal sectioned image data 
o f  reconstructed femora from the literature was examined, (Figure 5.2).
Figure 5.2: Longitudinally sectioned femoral artificial hip joints in cadaver
femora. Adapted from Bishop et al [148]
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Based on the aforementioned data, a 3-D  CAD m odel o f  the cement mantle was 
developed in Pro-Engineer. The Pro-Engineer function sweep-blend was the 
central feature utilised to create a solid bone cement mantle. Figure 5.3 (a) 
illustrates the created solid bone cement mantle. To produce the cement mantle 
shell, the Exeter™ stem geometry, developed in Section 5.2.1, was subtracted 
from the solid bone cement geometry. This was achieved by the Pro-Engineer 
function cut-out. The cement thickness along the majority o f  the stem was 
approximately 3 mm. The displacement between the most distal tip o f  the cement 
mantle and the most distal tip o f  the Exeter™ stem was 6.5 mm. The cement 
mantle was 14 mm thick at the proximal lateral end. Figures 5.3 (b) and (c) 
illustrate the final bone cement mantle geometry.
(a) (b) (c)
Figure 5.3: 3-D solid model o f cement mantle (a) Solid cement mantle before 
Exeter™ stem volume cut-out (b) Bone cement mantle after Exeter™ volume cut 
out (c) Auxiliary view o f sectioned bone cement mantle
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It takes a considerable amount o f  data, time and effort to create an accurate 3-D  
solid m odel o f  a typical femur [149]. In 1996, a group o f  researchers working in 
the biom echanics field with a particular interest in biomechanics o f  the femur, set 
up the Standardised Femur Project (SFP) [149]. The members o f  the SFP chose 
the second-generation, medium, com posite left femur, m odel N o. 3103 produced 
by Pacific Research Labs, (Vashon Island, Washington, U SA ) to becom e the 
Standardised Femur (SF) for their research. The advantages o f  setting up such an 
arrangement were twofold. Firstly, it would significantly reduce the amount o f  
time required to create a solid m odel o f  the femur, as the femur solid model 
would be freely available and secondly, due to the fact that each researcher was 
using the same geometry for their analysis, the SFP greatly enhanced the ability 
to compare and verify their results. The standardised femur was obtained from  
the SFP web depository [149] and imported into Pro-Engineer 2001, (Figure 5.4).
5.2.3 Femur Geometry
(a) (b)
Figure 5.4: Standardised Femur obtained from SFP web depository [149] (a) 
Anterior-posterior view (b) Medial-lateral view
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During a THA, the femoral neck is sectioned to remove the degenerated femoral 
head. For a cemented THA, the position and angle o f  this section is not critical
[7] and therefore variation exists. Longitudinal image data o f  reconstructed 
femora revealed an average section o f  approximately 50° to the longitudinal 
femoral shaft centre-line, typically varying between 40 to 60°, (Figure 5.2). 
Therefore a section o f  50° to the femoral longitudinal axis was applied to the 
standardised femur m odel. Figure 5.5 illustrates the SF with section applied.
Figure 5.5: Standardised femur with femoral head removed
To create the femoral medullary cavity, the bone cement mantle volume must be 
subtracted from the solid femur model. Before this may be performed, the stem, 
cement mantle and femur geometries must be assem bled such that the centre o f  
the stem head aligns with the centre o f  the femoral head [9, 31]. This 
arrangement is performed during arthroplasty to ensure that the m uscle and joint 
forces remain as c losely  as possible to the configuration previous to the 
arthroplasty, thus preventing extra loading o f  the joint due to ligament or tendon 
stretching. This arrangement also allows the patient to quickly learn how  to 
operate and control the artificial joint as minimal change has occurred. In
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conjunction with aligning the centres o f  the heads, the stem longitudinal axis 
should also be aligned with the femoral shaft longitudinal centre axis to ensure 
an even cement mantle.
5.2.4 Model Assembly
Pro-Assem bly 2001 (the component assembly package o f  Pro-Engineer 2001) 
was utilised to assemble the stem, cement mantle and femur geometries. The 
centre o f  the head o f  the Exeter™ stem was assembled such that it aligned with 
the centre o f  the femoral head—H owever this alignment caused the axial centre 
line o f  the stem shaft not to align with the axial centre line o f  the femoral shaft, 
as illustrated in Figure 5.6 (a). To achieve alignment with both shaft centre-lines 
and head pivot points, the size o f  the femur geometry was reduced by 13%. The 
femur was selected to be reduced in size, as opposed to increasing the Exeter™ 
stem size, as no two femora are identical while the Exeter™ geometry is absolute. 
Figure 5.6 (b) illustrates the final assem bly o f  the Exeter™ stem and reduced 
femur.
The distal end o f  the femur was sectioned 20 mm below  the distal end o f  femoral 
stem to reduce the m odel size, as the full length o f  the femur was not required. 
The final anatomical geometry was 194 mm from the most distal tip o f  the femur 
to the m ost proximal tip o f  the stem. Figure 5.7 illustrates the 3-D anatomical 
m odel definition.
Element
In line with previous 3-D  m odels, the anatomical m odel was exported from Pro- 
Engineer into A N SY S. A lso  in line with previous m odelling, and for the reasons 
specified in Section 4.4, the 10-node tetrahedral element SOLID87 was selected  
for the thermal environment simulation, while the element SOLID92 was 
selected for the m echanical environment simulations, for the reasons specified in 
Section 4.2.1.
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O r i g i n a l  F e m u r
(a) (b)
Figure 5.6: Assembly o f  Exeter™ stem with femur (a) Assembly with original 
standardised femur, note shaft misalignment (b) Assembly with reduced femur. 
Note alignment with both shaft centre-lines and head pivot points.
Mesh
A ll geometries were m eshed with the AN SY S vlO.O “M eshtool”. As mentioned 
previously, due to licence constraints a maximum o f  32,000 nodes was permitted. 
The “smartsize” m eshing feature was not utilised, as this feature refined the m esh  
at locations that were not o f  primary importance to this study. The m esh density 
w as controlled by setting the maximum element size for each volum e and 
m eshing each volum e separately. Free m eshing was employed. The m esh density 
at the m ost distal tip o f  the stem and the coinciding region o f  the bone cement 
mantle were refined to increase the m esh density at these locations. Post m eshing 
the stem geometry contained approximately 9,000 nodes, the cement mantle 
geometry contained approximately 8,500 nodes and the femur geometry 
contained approximately 8,500 nodes. Appendix K contains image data o f  the 
m esh applied to each geometry. Figure 5.8 illustrates the meshed anatomical 
model.
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(a) (b) (c)
Figure 5.7: 3-D CAD anatomical model (a) Sectioned anterior-posterior view (b)
Medial-lateral view (c) Auxiliary view
Contact
Similar to previous simulations, to account for the stem-cement and cement- 
femur interface conditions, flexible-to-flexible, surface-to-surface contact 
elem ents TARGET170 and CO NTA174 were applied to the model. To m esh the 
surfaces, the A N SY S vlO.O “Contact Wizard” was utilised. Post meshing, the 
m odel contained approximately 6,000 contact nodes.
5.3 M aterial Properties
5.3.1 Femoral Prosthesis Material Properties
The Exeter™ prosthesis is made from 316L stainless steel [113]. Table 5.1
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(a) (b) (c)
Figure 5.8: Anatomical model post meshing (a) Elevation view o f meshed 
anatomical model (b) Elevation view o f  sectioned anatomical model to reveal 
internal mesh (c) Auxiliary view o f anatomical model
TM
summarises the mechanical and thermal properties assumed for the Exeter 
prosthesis. The Exeter™ prosthesis was assumed to be linearly isotropic and 
hom ogeneous. A ll material properties were assumed to be independent o f  
temperature for the temperature range considered.
Young’s
modulus
(GPa)
Poisson’s
ratio
Coefficient 
of thermal 
expansion
(IQ-6 °C-1)
Density
(kg/m3)
Specific
heat
capacity
(J/kgK)
Conductivity
(Wm/K)
193
[122]
0.28 [132] 16 [122] 8000 [122, 
132]
500 [122] 16.3 [122]
Table 5.1: Mechanical and thermal properties applied to Exeter™ prosthesis
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Table 5.2 summarises the mechanical and thermal properties assumed for the 
bone cement. Section 4.5.3 contains a rationale for the bone cement mechanical 
and thermal properties assumed. The bone cement mantle was assumed to be 
linearly isotropic and hom ogeneous. A ll material properties were assumed to be 
independent o f  temperature for the temperature range considered.
5.3.2 Bone Cement Material Properties
Young’s
modulus
(GPa)
Poisson’s
ratio
Coefficient 
of thermal 
expansion
Density
(kg/m3)
Specific
heat
capacity
Conductivity
(Wm/K)
(l0-6oc -i) (J/kgK)
2.6 [110] 0.43 [33] 92* 1190 [32, 
33, 57]
1450 [32] 0.17 [57, 
135]
Table 5.2: Mechanical and thermal properties applied to bone cement mantle
* Experimentally measured, see Section 4.5.1
5.3.3 Femoral Bone Material Properties
The mechanical properties for bone are dependent on a large number o f  variables 
including gender, age, lifestyle and heretical characteristics [1, 150, 151]. 
Therefore the published m echanical properties for femoral bone vary 
significantly in the literature [151, 152]. Wirtz et al [152] reported bone density 
to be the best variable with which to correlate bone mechanical properties. Figure
5.9 demonstrates findings by Writz et al for femoral cortical bone.
In conjunction with bone’s variability, bone is also anisotropic and non- 
hom ogeneous in nature [150, 152, 153]. However according to research by  
Huiskes and Chao [153], both cortical and cancellous bone behave in a linear 
elastic fashion by approximation in quasi-static loading, despite being anisotropic 
and non-hom ogeneous in nature. Huiskes [154] demonstrated excellent 
agreement between theoretical and experimental results for the femur, when 
cortical bone material was assumed to exhibit linear elastic, transverse isotropic
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Figure 5.9: Young’s modulus versus femoral cortical bone density. Adapted from
Wirtz et al [152],
and hom ogeneous behaviour. Huiskes [154] however, did state that some local 
inaccuracies due to non-hom ogeneity should be expected. Research by both 
Taylor et al [155] and Couteau et al [156] reported the orthotropic elastic 
constants o f  femoral bone, (Table 5.3).
Couteau et a l [156] Taylor et a l [155]
E R adia l (GPa) 11.6 17.9
E H oop (GPa) 12.2 18.8
E Axial (GPa) 19.9 22.8
G R adia l-H oop  (GPa) 4.0 5.7
G R a d ia l-A x ia l (GPa) 5.0 6.5
G H oop-A xial (GPa) 5.4 7.1
Density (kg/m3) 1932
Table 5.3: Summary o f  femur mechanical properties as reported by Couteau et al
[156] and Taylor et al [155]
From Table 5.3 it is evident that the mechanical properties in the hoop and axial 
directions are similar. This provides further evidence that femoral bone may be
170
modelled as being transversely isotropic, as suggested by Huiskes [154]. Thus, 
the femur assumed linear elastic, transverse isotropic and homogeneous 
behaviour. Due to the spread in published femoral bone mechanical properties, 
instead o f  taking the femoral mechanical properties from one specific source, 
typical values found in the literature were assumed. Table 5.4 summarises the 
assumed mechanical and thermal properties for the femoral bone. All material 
properties were assumed to be independent o f  temperature for the temperature 
range considered.
Axial Transverse
Young’s modulus 15.0 9.0
(GPa)
Shear Modulus (GPa) 4.5 4.0
Poisson’s ratio 0.37 0.29
Coefficient of thermal 
expansion (10'6oC _1)
0.1 [110] 0.1 [110]
Density (Kg/m3) 1900 1900
Specific heat capacity 
(J/kgK)
1300 [57, 108, 135, 139] 1300 [57, 108, 135, 139]
Conductivity (Wm/k) 0.4 [57, 135, 139] 0.4 [57, 135, 139]
Table 5.4: Mechanical and thermal properties assumed for the femoral bone
5.4 Boundary Conditions And Loading
Four finite element simulations were performed, namely;
1. A  transient thermal analysis to quantify the anatomical model
temperature profile at the assumed moment o f cement stress-locking.
2. A  mechanical analysis to quantify the residual stresses.
3. A  mechanical analysis to quantify the peak stresses on the construct due
to the physical activity o f  walking. To implement this, the peak
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mechanical load from walking, including the most significant muscle 
groups were applied to the anatomical model.
4. A mechanical analysis to quantify the construct stresses for the 
rehabilitation activity o f  walking. That is, the residual stresses (point 2) in 
conjunction with the peak stresses from walking (point 3).
5.4.1 Transient Thermal Analysis 
Exotherm History
The bone cement exothermic reaction history quantifies the total thermal energy 
released and the rate o f  energy release during polymerisation. In line with the 
finite element methodology employed in Chapter 4, the measured exotherm 
result for CMW® 1 Gentamicin bone cement, as defined in Figure 4.11, was 
applied as a body load to the bone cement volume by the AN SYS function 
HGEN (Heat GENeration). The tabular input method in ANSYS was utilised to 
apply the heat generation rate. A tabular input (data point) was taken every 5 
seconds. Ramped conditions were assumed between data points. Exotherm 
history limitations as considered in the modelling o f the experimental work, 
(Section 4.6.1) also apply to the current model.
Convection And Conduction
A coefficient o f convection o f 10 W/m2K was assumed and applied to all areas 
that were in direct contact with air, i.e. proximal end o f femoral prosthesis, the 
proximal surface o f  the bone cement mantle, and the proximal sectioned surface 
o f the femur. An ambient air temperature o f 20°C was assumed for all convection 
loads applied. For the remaining exterior surfaces o f  the femur, i.e. all exterior 
surfaces except the sectioned proximal surface in direction contact with air, it 
was assumed the femur was in direct contact with body tissue (fascia, muscle, fat 
etc). It is postulated that these tissues would have a high specific heat capacity 
and high thermal conductivity. In conjunction with this, these tissues would have 
a blood supply. From the aforementioned deductions, it is postulated that for the
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exterior surfaces o f  the femur, a temperature o f approximately 37°C would apply 
throughout polymerisation. Therefore a constant temperature o f  37°C was 
applied to all the exterior surfaces o f the femur, except for the proximal sectioned 
area that assumed thermal convection as previously discussed.
Interface Conditions
For the finite element model o f the experimental work described in Chapter 4, 
(Section 4.6.1), the stem-cement interface assumed a conductivity o f  0.14 
W/mK, to account for possible debris and air that may be entrapped at the stem- 
cement interface at a microscopic level. However, for the Exeter™ stem, its 
external surfaces are smooth and highly polished. Also it is extensively cleaned 
and sterilised to prevent infection. Due to the aforementioned reasons, it was 
postulated that the thermal interface conductivity would be negligible compared 
to the bone cement conductivity. Therefore for the anatomical model, the stem- 
cement interface was modelled assuming thermal bonded conditions. This is in 
line with previous work involving similar thermal analyses [8, 32, 142],
For the finite element model o f the experimental work described in Chapter 4, 
the e-glass/epoxy-cement interface assumed a conductivity o f 0.08 W/mK, to 
account for possible debris and air that may be entrapped at the interface at a 
microscopic level. In vivo however, the aforementioned conditions would not 
occur. It is postulated that the cement-femur interface thermal conductivity 
would be negligible compared to the bone cement conductivity. Therefore, for 
the anatomical model the cement-femur interface was modelled assuming 
thermal bonded conditions. This is in line with previous researchers who have 
performed similar thermal analyses [8, 32, 142]. The MPC contact algorithm was 
selected to solve both interface conditions.
Initial Conditions
The femur was assumed to have an initial temperature o f 37°C. The Exeter™ 
prosthesis assumed an initial temperature o f  20°C. From the experimental work 
performed in Chapter 3, the bone cement was measured to be approximately
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27°C when it first contacted the representative femoral construct after mixing. In 
line with this measurement, the bone cement was assumed to have an initial 
temperature o f  27°C.
From the experimental work performed in Chapter 3, the bone cement did not 
come into contact with the representative stem and femur until approximately 70 
seconds after the initiation o f mixing. It is hypothesised that in the operating 
theatre, 120 seconds would be more representative o f this time span, due to the 
more complex nature o f a THA. Thus all initial temperatures remained constant 
until 120 seconds after the initiation o f cement mixing. A maximum time step of 
5 seconds was applied to the transient time stepping algorithm.
5.4.2 Residual Stress Analysis
At the cement-bone interface, the bone cement protrudes into the cancellous bone 
structure while in a viscous state. After stress-locking, this forms a mechanical 
lock between the bone cement mantle and the cancellous bone structure, 
provided the cement penetrated sufficiently into the cancellous bone structure 
[23, 157]. It has been established that with the correct surgical technique, bone 
cement does penetrate sufficiently into the cancellous bone to produce a reliable 
bond between the bone cement mantle and the femoral cancellous bone. 
Evidence o f  this mechanical lock between the bone cement mantle and the 
cancellous bone may be found in post-mortem findings. Maloney et al [158] 
retrieved 11 cemented THR’s at autopsy, ranging from 0.5 to 210 months post 
implantation. From examining sections o f the assembly, no intervening tissue 
was found at the cement-bone interface for the vast majority o f  sections 
examined. Similarly, Jasty et al [159] revealed only small regions o f  fibrous 
tissue between the femoral bone and the bone cement mantle, never more that a 
few millimetres long. Therefore from these observations, it was assumed that the 
bone cement mantle was perfectly bonded to the femur. This assumption is in 
line with previous residual stress analyses in literature [32, 38, 112]. The MPC 
contact algorithm was selected to model the bonded cement-femur interface 
condition, as per the finite element analysis methodology employed in Chapter 4.
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As mentioned previously, the external surface o f  the Exeter™ prosthesis is 
smooth and highly polished. In line with the modelling o f  the experimental work 
documented in Chapter 4, the cement-Exeter™ prosthesis interface assumed 
debonded conditions with a coefficient o f friction o f  0.32. Section 4.6.2 gives a 
rationale for this assumption. No data pertaining to differences between static 
and dynamic coefficients o f friction could be located in the literature. Therefore a 
static to dynamic ratio o f 1 was assumed. The Augmented-Lagrange contact 
algorithm was selected, to model the debonded stem-cement interface condition, 
due to its ability to model stick (shear stress is less than friction times normal 
stress), slip (shear stress is greater than friction times normal stress), and open 
conditions (normal stress = 0).
From the experimental work documented in Chapter 3, the first measurement o f  
residual strain occurred approximately 7 seconds before the attainment o f peak 
cement temperature, (Section 3.3.2). In line with this result and the finite element 
methodology employed in Chapter 4, stress-locking was assumed to occur 7 
second before the attainment o f peak cement temperature. Section 4.6.2 outlines 
the background to this assumption.
5.4.3 Physiological Load Analysis
The patient typically undergoes rehabilitation 1 to 2 days after arthroplasty [25, 
26]. Rehabilitation activities typically include walking, getting into and out o f a 
chair, and getting into and out o f a bed. As patients with an artificial hip 
replacement spend a significant portion o f their time walking [30], this physical 
activity was selected for the quantification o f the stresses in the artificial hip 
construct for early portion o f  the lifetime o f the implant. To infer confidence in 
the method, the stress due to physiological loads alone i.e. no inclusion o f  
residual stress was initially considered.
Heller et al [83] developed a model o f  the human lower extremity for the activity 
o f walking. This model was validated against in vivo data from 4 patients with an 
artificial hip joint. The average weight o f these patients was 836 N  (mass o f
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approximately 85 kg). W hile the model matched w ell with experimental data, it 
was com plex, with over 30 different lines o f  m uscle action, as illustrated in 
Figure 5.10 (a). The authors in a later work developed a simplified m usculo­
skeletal load profile for the hip joint for walking, by grouping functionally 
similar hip m uscles with minimal alteration to the joint forces [84]. The 
sim plified m odel reduced the hip joint loading to three forces, namely the contact 
force acting on the femoral head, a musculo-skeletal force applied to the greater 
trochanter and a m usculo-skeletal force applied to the vastus lateralis. Figure
5.10 (b) illustrates the sim plified hip joint model.
(a) (b)
Figure 5.10: Comparison o f  the complex model (a) and most simplified model (b) 
o f  the hip musculature developed by Heller et al [84], Image adapted from
Heller et al [84],
The peak resultant force for walking, based on the sim plified m odel defined by 
Heller et al [84] was applied to the anatomical m odel. The peak load occurred at 
approximately 20% through the gait cycle. The coordinate system defined by 
Bergmann et al [160] and used by Heller et al [84] was applied to the anatomical
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model. In this system, the centre o f the coordinate system is located at the centre 
o f  the femoral head. For the left femur, as in the anatomical model, the positive 
x-axis is orientated from lateral to medial, the positive y-axis from posterior to 
anterior and finally the positive z-axis from distal to proximal. Table 5.5 
summarises the forces reported by Heller et al [84] based on the simplified 
model and the forces applied to the anatomically model, based on a typical 
patient o f  836 N.
FX(N) Fy(N) F,(N)
Centre of femoral head -519 -381 -2,570
Greater trochanter 541 127 675
Vastus lateralis -7.5 155 -777
Table 5.5: Forces applied to the anatomical finite element model, representative
ofpeak load from walking
To prevent point stress concentrations, the loads applied to the finite element 
model were distributed across a number o f nodes. Figure 5.11 illustrates the 
location o f the applied loads on the anatomical model. Note that the loading for 
the centre o f  the femoral head was applied on the proximal surface to ensure the 
applied forces acted through the centre o f the stem head and were not biased 
posteriorly or anteriorly.
In line with the anatomical model residual stress initial conditions, the cement- 
femur interface was assumed to have bonded conditions, while the stem-cement 
interface was assumed to have debonded conditions, with a coefficient o f  friction 
o f  0.32. The MPC algorithm was utilised to model the bonded cement-femur 
interface condition, while the Augmented-Lagrange contact algorithm was 
utilised to model the stem-cement interface. Section 5.4.2 details the rationale for 
these interface conditions.
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Figure 5.11: Posterior-anterior view o f  anatomical model with loads applied. 
Note triad a t bottom right denoting X, Y, and Z  directions; (Left) Complete model 
with loads applied. Note loads were applied over 2 to 3 nodes; (Right) Nodal 
view ofproxim al portion o f  construct with loads applied
5.4.4 Rehabilitation Analysis
To quantify the construct stresses for the rehabilitation activity o f  walking, the 
boundary conditions and loads, as defined in Section 5.4.2, for the residual 
stresses in conjunction with the boundary conditions and loads as defined in 
Section 5.4.3 for physiological activity o f  walking were applied to the anatomical 
m odel, to form a new  simulation.
5.5 Results
5.5.1 Transient Thermal Results
Figure 5.12 illustrates the transient thermal simulation result over the first 600  
seconds.
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Figure 5.12: Anatomical model transient thermal result over firs t 600 seconds
(10 minutes)
Time 0 seconds coincides w ith the initiation o f  bone cement m ixing. Over the 
first 120 seconds, it was assumed that the bone cement and stem had not been 
added to the medullary cavity and therefore the temperatures remained 
unchanged. After 120 seconds, it was assumed that both the stem and cement had 
been added to the medullary cavity, and thermal transfer initiates. After 240 
seconds the bone cement begins to significantly exotherm, (Figure 4.11). The 
increase in cement temperature up until this time (240 seconds) was primarily 
due to thermal conduction.
From Figure 5.12 it is evident that different portions o f  the cement mantle 
reached different peak temperatures. A lso from Figure 5.12 it is evident that all 
the bone cement did not reach peak temperature at the same time. For the cement 
along the shaft portion o f  the stem, where the cement mantle was typically 3 mm  
thick, the peak temperature was typically 59°C and occurred at 315 seconds. For
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the cement at the proximal lateral location (in the region o f  PI on Figure 5.12), 
the peak temperature was typically 95°C and occurred at 333 seconds. A s the 
majority o f  the cement mantle was approximately 3 mm thick and reached peak 
temperature at 315 seconds, m odel peak temperature was assumed to occur at 
315 seconds. Figure 5.13 illustrates the temperature profile at 315 seconds after 
the initiation o f  bone cement mixing.
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Figure 5.13: Thermal distribution <°C) at 315 seconds after initiation o f  bone 
cement mixing. This thermal distribution represents the moment o f  peak  
temperature fo r  the majority o f  the cement mantle.
From the experimental work, the average first registration o f  residual strain 
occurred at approximately 7 seconds before the attainment o f  peak cement 
temperature. A s outlined in Section 4.6.2, for the calculation o f  residual stress, 
stress-locking was assumed to occur 7 seconds before the attainment o f  peak 
temperature. In vivo it is unlikely that the entire cement mantle would have 
sufficiently solidified to sustain a stress at exactly the same time. H owever it has
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been postulated in the literature [32] and is the authors opinion, that the time 
span between different regions for stress-locking is small, and the effect o f  this 
assumption would not significantly affect the residual stress levels. Figure 5.14  
illustrates the anatomical m odel thermal distribution at the moment o f  assumed 
stress-locking, i.e. 308 seconds.
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Figure 5.14: Thermal distribution (°C) at 308 seconds after initiation o f  cement 
mixing. This thermal distribution represents the moment o f  assumed bone cement
stress-locking.
Figure 5.15 illustrates the temperature profile at 308 seconds after the initiation 
o f  cement m ixing, for the path indicated on the left diagram o f  Figure 5.15.
5.5.2 Residual Stress Results
Figures 5.14 and 5.15 illustrated the temperature distribution at the assumed
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Figure 5.15: Temperature profile (°C) along the path as indicated on left solid  
model a t the moment o f  assumed stress-locking.
moment o f  stress-locking, i.e. 308 seconds after the initiation o f  mixing. This 
thermal profile was applied to the mechanical environment and the residual 
stresses calculated with respect to 37°C.
A  peak von M ises residual stress o f  approximately 25 MPa was predicted to 
occur at the m ost distal tip o f  the cement mantle at the cement-femur interface. 
Figure 5.16 illustrates the peak bone cement mantle von M ises residual stress 
distribution.
W hile the peak calculated von M ises residual stress was approximately 25 MPa, 
from Figure 5.16 it is evident that the majority o f  the bone cement mantle was at 
a residual stress significantly below  25 MPa. To examine the bone cement 
mantle distribution o f  residual stress quantitatively, the von M ises stress for each 
node in the cement mantle was grouped into stress ranges. Figure 5.17 illustrates 
the percentage volum e o f  the bone cement mantle within each stress range. The 
average von M ises residual stress for the bone cement mantle volum e was 5.25 
MPa, with a standard deviation o f  2.8 MPa.
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Figure 5.16: Peak bone cement mantle von Mises residual stress distribution
(MPa)
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Figure 5.17: Bone cement mantle residual stress distribution over a stress range
o fO to  14 MPa
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Note that 95.5% o f  the bone cement mantle had a residual stress below  10 MPa, 
and 84.2% o f  the cement mantle had a residual stress between 2 to 8 MPa. Figure 
5.18 illustrates the portions o f  the cement mantle with a von M ises stress greater 
than 10 MPa.
I
Figure 5.18: Bone cement mantle von Mises residual stress (MPa), with regions 
o f  the mantle under highest stress indicated by grey
In an attempt to quantify the individual longitudinal, hoop and radial stresses, a 
path was defined approximately in line with both the coordinate system  and the 
A N SY S vector plot o f  the principal stresses. The path location is illustrated on 
the solid  m odel in Figure 5.19. Onto this path, the stresses in the X , Y  and Z 
directions were defined, approximately coinciding with the radial, hoop and 
longitudinal stresses respectively. Note how ever that the stresses plotted in 
Figure 5.19 are only approximate principal stresses, as the path defined may not 
be exactly in line with the true principal stress directions. For the same path, the 
A N SY S predicted principal stresses were also calculated. M inimal differences
existed between Figure 5.19 and the A N SY S plot o f  principal stresses. Appendix 
L contains a plot o f  the principal stresses for the same path defined in Figure 
5.19.
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Figure 5.19: Approximate principal residual stresses fo r  the path defined on
solid  model
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For the path defined in Figure 5.19, longitudinal residual stresses were the m ost 
significant o f  the principal stresses at approximately 8 MPa. Hoop residual stress 
were the next m ost significant at approximately 6.5 MPa, while radial stresses 
were the least significant at approximately 2.5 MPa. For all the principal stresses, 
the peak stress occurred at the cement-femur interface.
5.5.3 Physiological Load Results
Based on the peak physiological load from walking, results revealed the peak 
von M ises stress to occur in the Exeter™ prosthesis at the middle to distal 
longitudinal portion on the medial side, (Figure 5.20). The peak von  M ises 
magnitude was 250 MPa, however the majority o f  the stem volum e was at a 
stress substantially less than 250 MPa.
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Figure 5.20: Von M ises stress (MPa) distribution fo r  the artificial hip construct 
due to the peak  physiological load from  walking
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From Figure 5.20 it is evident that the stresses o f  the bone cement mantle were 
substantially less than those o f  the Exeter™ stem. The peak bone cement von  
M ises stress was 27 M Pa and occurred at the distal end o f  the cement mantle, 
where the m ost distal tip o f  the Exeter™ stem met the bone cement mantle, 
(Figure 5.21).
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Figure 5.21: Von Mises stress (MPa) distribution fo r  the bone cement mantle due 
to the peak  physiological load from  walking
From Figure 5.21 it is evident that the majority o f  the cement mantle is at a stress 
substantially below  27 MPa. To examine the bone cement mantle distribution o f  
stress quantitatively, the von  M ises stress o f  each node in the cement mantle was 
divided into stress ranges and the percentage volum e o f  the bone cement volum e  
within each stress range was calculated. Figure 5.22 illustrates the stress 
distribution result. The mean von M ises stress for the bone cement mantle 
volum e was 3.21 MPa, with a standard deviation o f  2.3 MPa.
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Figure 5.22: Bone cement mantle stress percentage volume distribution over a 
von Mises stress range o f  0 to 12 MPa, due to the peak load from  walking
A s illustrated in Figure 5.22, the majority o f  the cement mantle (98%) had a von  
M ises stress less than 8 MPa, w ith 95% o f  the cement mantle with a von M ises 
stress less than 6 MPa. Figure 5.23 illustrates the stress distribution over 0-8 
MPa, with the portions o f  the cement mantle greater than 8 MPa shaded in grey.
In an attempt to quantify the longitudinal, hoop and radial stresses, a path was 
defined approximately in line with both the coordinate system  and the AN SY S  
vector plot o f  principal stresses. Onto this path, the stresses in the X, Y  and Z 
direction were mapped, approximately coinciding with the radial, hoop and 
longitudinal stresses respectively, (Figure 5.24). N ote however that the principal 
stresses calculated are approximate, as the path defined m ay not be exactly in 
line with the true principal stress directions. For the same path, the AN SY S  
predicted principal stresses were also calculated. M inimal difference existed  
between Figure 5.24 and the A N SY S plot o f  principal stresses. Appendix L 
contains a plot o f  the principal stresses for the same path defined in Figure 5.24.
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Figure 5.23: Von M ises stress (MPa) due to peak walking load, with regions o f  
the mantle under highest stress indicated by grey
From Figure 5.24, it is evident that the longitudinal stress was the most 
significance o f  the principal stresses. Radial and hoop stresses appear to be o f  
negligible magnitude for the path location considered.
5.5.4 Rehabilitation Stress Results
To approximately quantify the peak stresses in the artificial hip construct during 
the patient rehabilitation activity o f  walking, the residual stresses due to bone 
cement polymerisation in  conjunction with the peak physiological load from  
walking was applied to the anatomical model. Figure 5.25 illustrates the 
maximum von M ises stresses calculated for the artificial hip replacement for the 
rehabilitation activity o f  walking. The peak von M ises stress was 250 M Pa and 
occurred in the femoral prosthesis, at the middle to distal longitudinal portion on
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Figure 5.24: Approximate longitudinal, hoop and radial stresses due to the peak 
load from walking; (Top) Path location and principal stresses along defined 
path; (Bottom) Magnified view o f defined path principal stresses
the medial side, (Figure 5.25). N ote the location and magnitude o f  the peak stress 
is similar to that for the application o f  physiological walking forces only.
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Figure 5.25: Von Mises stress (MPa) fo r  the rehabilitation activity o f  walking on
the artificial hip construct
W ith respect to the bone cement mantle, a peak von M ises stress o f  40 M Pa was 
predicted to occur. The peak stress occurred at the distal end o f  the cement 
mantle, where the stems m ost distal tip met the bone cement mantle, (Figure 
5.26). The location o f  the peak bone cement mantle stress is similar to that for 
the application o f  physiological walking forces only.
Similar to previous findings, the majority o f  the cement mantle was at a stress 
substantially below  the peak stress. The average von  M ises residual stress for the 
bone cement mantle volum e was 6.9 MPa, with a standard deviation o f  3.6 MPa. 
Figure 5.27 illustrates the percentage volum e o f  the bone cement volum e within 
defined stress ranges up to 14 MPa.
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Figure 5.26: Peak bone cement mantle von Mises stress (MPa) fo r  the 
rehabilitation activity o f  walking
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Figure 5.27: Bone cement mantle stress percentage volume distribution over a 
von Mises stress range o f  0 to 14 MPa fo r  the rehabilitation activity o f  walking
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The peak bone cement von M ises stress was 40 MPa, however 97% o f  the bone 
cement mantle had a von M ises stress less than 14 MPa, with 90% o f  the cement 
mantle between 2 to 10 MPa. Figure 5.28 illustrates the portions o f  the cement 
mantle with a von  M ises stress greater than 14 MPa.
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Figure 5.28: Bone cement von Mises stress (MPa) fo r  the rehabilitation activity 
o f  walking, with regions o f  the mantle under highest stress indicated by grey
The reported ultimate tensile stress o f  bone cement varies between 24 to 49 MPa
[48]. Due to the presence o f  stress concentrators (pores, debris etc), the lower end 
o f  this failure stress band is postulated to be sufficient to induce fracture damage. 
Figure 5.29 illustrates the stress distribution over 0 to 24 MPa, with the portion 
o f  the cement mantle greater than 24 MPa shaded in grey.
In an attempt to quantify the longitudinal, hoop and radial principal stresses, a 
path was defined approximately in line with both the coordinate system and the 
A N SY S vector plot o f  the principal stresses. Onto this path, the stresses in the X ,
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Figure 5.29: Bone cement von Mises stresses (MPa) fo r  the rehabilitation 
activity o f  walking, with regions o f  the mantle with a von Mises stress greater
than 24 MPa indicated by grey
Y  and Z directions were defined, approximately coinciding with the radial, hoop 
and longitudinal stresses respectively. Figure 5.30 illustrates the assumed 
principal stresses along the path. Note that these principal stresses are 
approximate, as the path may not be exactly aligned with the true principal stress 
directions. For the same path, the A N SY S predicted principal stresses were also 
calculated and compared. M inimal difference existed between Figure 5.30 and 
the A N SY S plot o f  principal stresses. Appendix L contains a plot o f  the principal 
stresses for the same path defined in Figure 5.30.
For the path location defined in Figure 5.30, the bone cement radial stresses were 
approximately 2.5 MPa, the hoop stresses were approximately 7 MPa and the 
longitudinal stress were approximately 2.5 MPa medially and 10 MPa laterally. 
For all the principal stresses, the peak stress occurred at the cement-femur 
interface.
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Figure 5.30: Approximate longitudinal, hoop and radial stresses fo r  the 
rehabilitation activity o f  walking; (Top) Path location and principal stresses 
along defined path; (Bottom) Magnified view ofprincipal stresses
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5.6 Discussion
5.6.1 Transient Thermal Analysis
Results from the transient thermal analysis revealed that different regions o f the 
cement mantle reached different peak temperatures. For example, along the shaft 
portion o f  the prosthesis where the cement mantle was typically 3 mm thick, the 
peak temperature was typically 59°C, while for the cement at the proximal lateral 
and distal portion o f the cement mantle, where the mantle was relatively thick 
(greater than 5 mm), the peak temperature was typically 95°C. The different 
peak temperatures were primarily due the non-uniform cement mantle thickness. 
Numerous thermal analyses in the literature also have reported non-uniform peak 
temperature results [56, 57, 66, 142],
The peak temperature o f 59°C, where the cement mantle was typically 3 mm 
thick, matches well with similar reports in the literature. Roques et al [34] 
measured a peak cement temperature o f approximately 58°C based on a 2 mm 
thick cement mantle about a stainless steel tube 1 mm thick. Hansen [142] 
reported a peak temperature o f  53°C based on a finite element model with an 
approximately 3 mm thick cement mantle. Starke et al [66] reported a peak 
temperature o f  approximately 50°C based on a finite element model with a 2.5 
mm thick cement mantle.
At the proximal lateral and distal locations o f the cement mantle, where the 
mantle was relatively thick (greater than 5 mm), the cement reached a much 
greater peak temperature o f  approximately 95°C. This finding also matches well 
with similar reports in the literature. Swenson et al [56] calculated a peak 
temperature o f  98°C based on a 10 mm thick cement mantle. Li et al [108] 
calculated a peak temperature o f  87°C based on a 5 mm thick cement mantle. 
Ahmed et al [65] measured a peak temperature o f approximately 110°C based on 
an 8 mm thick cement mantle. The average peak temperature from the 
experimental work documented in Chapter 3, based on a 5.4 mm thick cement 
mantle o f  CMW® 1 Gentamicin cement was 95.6°C.
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The cement-femur interface has been the focus point o f many in vivo, in vitro 
and computational research projects to investigate if  thermal cell necrosis occurs. 
Based on the developed anatomical model, the femoral bone tissue in direct 
contact with the bone cement reached a peak temperature o f  54°C both at the 
proximal-lateral and distal locations o f  the bone cement mantle where the cement 
reached a peak temperature o f  approximately 95°C. For the majority o f the 
cement mantle, where the cement was approximately 3 mm thick, the peak bone 
tissue temperature was approximately 48°C. This result matches well with the 
literature. In a recent finite element study, Hansen [142] predicted a peak 
cement-femur interface temperature o f  48°C, based on a 3 mm thick cement 
mantle. Toksvig-Larsen et al [61] measured the cement-femur interface 
temperature in vivo during 41 arthroplasties. The average cement-femur interface 
temperature was 40°C, ranging between 29 to 56°C with a standard deviation of  
6°C. Huiskes [8] reported in vivo studies by Labitzke et al [62] and Biehl et al
[63] that reported the in vivo femur-cement interface to be 45°C and 47°C 
respectively.
For the cement-femur interface, a higher peak temperature was predicted 
compared to the stem-cement interface. This is in line with numerous thermal 
analyses in the published literature [32, 56, 67, 108] and is due to the higher 
initial temperature o f  the femur, its lower heat capacity and lower thermal 
conductivity compared to the stem prosthesis. For the stem material in direct 
contact with the bone cement, at the proximal-lateral region, the peak 
temperature was approximately 39°C. For the middle stem shaft portion 
longitudinally, the peak temperature was approximately 43°C. Finally at the most 
distal tip o f  the Exeter™ stem, the peak temperature was 51°C. It is difficult to 
compare these magnitudes with sources in the literature, as relatively few authors 
have reported the stem-cement interface temperature. However, based on an 
axisymmetric model with a 5 mm thick cement mantle, Swenson et al [56] 
reported a prosthesis-cement interface temperature o f  approximately 50°C and Li 
et al [108] reported a stem-cement interface temperature o f  57°C based on a 5 
mm thick cement mantle about an aluminium cylinder to represent the femoral 
prosthesis.
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The transient thermal analysis also predicted that the entire bone cement mantle 
would not reach peak temperature simultaneously. For the majority of the cement 
mantle along the shaft portion of the stem where the cement was approximately 3 
mm thick, the cement reached its peak temperature at approximately 315 
seconds, while for the cement at the thicker regions, the proximal lateral section 
of the mantle for example, reached its peak temperature approximately 18 
seconds later. This observation is in line with a number of sources in the 
literature. Thermal FEA by Lennon and Prendergast [32] reported a 38 second 
interval between the first and last element reaching peak temperature. Starke et al
[66] reported a 20 seconds interval between peak temperatures, while research by 
Li et al [108] and Baliga et al [55] also noted this observation.
5.6.2 Residual Stress Analysis
Residual stress results predicted a peak von Mises stress of 25 MPa to occur at 
the cement-femur interface, at the most distal tip of the cement mantle. Typical 
cement mantle stresses however were much lower, with 95.5% of the cement 
mantle volume at a von Mises residual stresses below 10 MPa. Only the 
proximal-lateral and distal regions of the cement mantle exceed a stress of 10 
MPa. These regions coincide with the locations of highest temperature at the 
moment of stress-locking and therefore the occurrence of peak residual stresses 
at these locations fit current residual stress understanding. The average von 
Mises residual stress for the bone cement mantle volume was 5.25 MPa, with a 
standard deviation of 2.8 MPa.
Approximate principal stresses were quantified for the middle longitudinal 
region of the construct. Longitudinal residual stresses were the most significant 
at approximately 8 MPa. Hoop residual stresses were the next most significant at 
approximately 6.5 MPa. While radial stresses were the least significant of the 
principal stresses and were substantially below both the longitudinal and hoop 
stresses at 2.5 MPa.
198
It is not possible to directly compare the anatomical model predicted residual 
stress magnitude and distribution with the literature, as all previous residual 
stress analyses, both experimental and computational, have been based on 
simplified geometries, typically regular straight cylinders. Possibly the most 
similar residual stress analysis in the published literature was research by Lennon 
and Prendergast [32]. While their finite element model was 3-D, it was 
essentially 2-D in character, as the model consisted of a medial and lateral bone 
cement strip of unknown thickness to represent the cement mantle, (Figure 2.20). 
As such, the hoop stresses were not accounted for in their model. Lennon and 
Prendergast [32] reported the maximum principal stresses to be between 4 to 7 
MPa, from a peak stress-locking temperature of 53°C. Assuming longitudinal 
stress was their maximum principal stress, 7 MPa compares well with our typical 
longitudinal stress of 8 MPa.
Comparing the residual stress magnitudes between the middle longitudinal 
portion of the anatomical model, with the experimental model documented in 
Chapter 4, it is evident that both models predicted longitudinal stresses to be the 
most significant, closely followed by hoop stresses, with radial stresses being the 
least significant. The anatomical model predicted residual stresses approximately 
half the magnitude compared to those of the experimental model. This was to be 
expected as the stress-locking temperature for the experimental model was 
approximately 89°C, while the stress-locking temperature for the anatomical 
model was approximately 56°C. Based on the anatomical model, the peak 
residual stresses occurred at the femur-cement interface, while for the 
experimental model the peak residual stresses occurred at the centre of the 
cement mantle. It is postulated that this change in peak residual stress location is 
due to the greater Young’s modulus of femoral bone in the hoop direction 
(approximately 9 GPa) compared to that of the e-glass/epoxy (approximately 3 
GPa). Therefore, for the experimental model, the e-glass/epoxy was relatively 
yielding and the peak residual stress coincided with the location of peak 
temperature. For the anatomical model, the femoral bone is much more stiff and 
prevents the cement mantle from shrinking about the stem, therefore shifting the 
peak residual stress from the middle of the cement mantle to the femur-cement 
interface.
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The reported ultimate tensile strength of bone cement varies between 24 to 49 
MPa [48]. Experimental results have revealed the presence of microcracks in 
bone cement at or near the site of a stress concentrator before any functional 
loading [33]. It is postulated that due to the presence of stress concentrators, the 
lower end of this failure stress band would be sufficient to induce fracture 
damage. It is therefore postulated that the regions of the bone cement mantle 
under peak residual stress would incur fracture damage before any functional 
loading. However, this would occur for a relatively small volume of the cement 
mantle and considering the average cement mantle residual stress was 5.25 MPa, 
the artificial hip construct would function as expected with no obvious sign(s) of 
damage apparent to the patient or the medical staff. In the long term however, for 
the small region that incurred fracture damage, the presence of fractures would 
accelerate fatigue damage and this localised failure in turn may increase the 
stresses for the remaining undamaged cement mantle.
5.6.3 Physiological Stress Analysis
Based on the peak load for the physical activity of walking, the maximum von 
Mises stress was approximately 250 MPa, and occurred in the femoral prosthesis 
at the middle to distal portion of the shaft longitudinally on the medial side. This 
result matches well with the literature. El-Shiehk [161] calculated the stresses for 
a cemented total hip replacement under physiological loading. In line with our 
research, the author reported the maximum von Mises stress of the construct to 
occur in the femoral prosthesis at approximately the middle of the shaft 
longitudinally, on the medial side. However El-Shiehk reported a lower 
maximum von Mises stress of approximately 175 MPa. This lower stress may be 
attributed to the substantially thicker stem modelled by El-Shiehk compared to 
the Exeter™ stem. Brockhurst and Svensson [9] and Svensson et al [162] also 
reported the peak stress to occur in the femoral prosthesis at approximately the 
middle of the shaft longitudinally, on the medial side. The authors reported a 
peak compression principal stress of 131 MPa. The lower stress in this case may 
be attributed to the lower loads applied to their model in conjunction with a 
thicker stem utilised, in comparison with the Exeter™ stem.
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McNamara [163] predicted the stresses for an adapted standard femur with a 
stem implanted utilising finite element techniques. McNamara predicted Von 
Mises stresses of approximately 25 to 45 MPa for the cortical bone region of the 
femoral shaft, with the highest stresses located at the exterior surface of the 
femur. This result compares well with the physiological load model. For the 
consideration of the same femoral region, von Mises stresses of 25 to 45 MPa 
were also predicted, with the highest stresses at the exterior surface of the femur.
For the bone cement mantle, the peak von Mises stress was 27 MPa and occurred 
at the distal end of the cement mantle, where the distal tip of the Exeter™ 
prosthesis met the bone cement mantle. Similar to the residual stresses previously 
discussed, the majority of the bone cement mantle volume had a stress 
substantially less than the peak stress. The average von Mises stress for the bone 
cement mantle volume was 3.2 MPa, with a standard deviation of 2.3 MPa. 95% 
of the bone cement volume had a von Mises stress less than 6 MPa. These results 
compare well with the literature. Lennon and Prendergast [146] calculated the 
stresses for the bone cement mantle based on a 3-D finite element model under 
physiological load conditions with a debonded stem-cement interface with a 
coefficient of friction of 0.32. Lennon and Prendergast [146] reported a peak 
stress of 38 MPa to occur at the distal end of the cement mantle, where the most 
distal tip of the stem met with the bone cement mantle. The larger peak stress 
calculated by Lennon and Prendergast [146] may be attributed to the greater 
physiological force applied to their model. The authors also reported that the 
majority (approximately 95%) of the cement mantle volume remained at a stress 
below 6 MPa stress. El-Shiehk reported a peak von Mises stress of 18 MPa for 
the bone cement mantle, with the majority of the cement mantle below 4 MPa, 
for physiological load conditions. The lower peak stress reported by El-Shiehk, 
however, may be attributed to the bonded stem-cement condition assumed. 
Lennon and Prendergast [146] reported a significant reduction in cement mantle 
stress are inferred if bonded conditions are assumed.
Approximate principal stresses were predicted for the middle longitudinal region 
of the construct. Longitudinal stress was the most significant at approximately
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-5.5 MPa medially and approximately 3 MPa laterally. Both hoop and radial 
stress had negligible magnitudes of approximately 1 MPa. Unlike the residual 
stresses, which had the peak stress at the cement-femur interface, all stresses 
were relatively uniform across the cement mantle.
It is postulated that the region of the bone cement mantle under peak stress would 
incur fracture damage. However, as the affected volume is relatively small, and 
as the average stress was 3.2 MPa, it is postulated that the artificial hip construct 
would function as expected with no obvious sign(s) of damage.
5.6.4 Rehabilitation Stress Analysis
From the literature, residual stresses have been mostly ignored in the calculation 
of the artificial hip joint construct stresses under loaded physiological conditions 
due to the assumption that the viscoelastic properties of bone cement would 
reduce the residual stresses to negligible levels before the patient first loads the 
artificial joint. Indeed many viscoelastic analyses in the literature support this 
assumption, (Section 2.2.6). However, most of these viscoelastic experiments 
were performed at relatively high stresses, much higher than those typically 
resultant from residual stresses. Bone cement creeps at a much faster rate at 
higher stresses compared to lower stresses [91] and therefore these viscoelastic 
measurements may not be applicable to residual stress relaxation. To the best of 
the authors knowledge, only research by Roques et al [34, 41] has monitored 
stress relaxation from residual stresses. These authors measured negligible stress 
relaxation over the first 2 hours from the initiation of cement mixing. From such, 
these authors postulated that when the construct is loaded for the first time by the 
patient, the residual stresses would be only partially relieved. As a result Roques
[41] recommended that residual stresses should be accounted for in the 
calculation of artificial hip construct stresses, for the early portion of the 
replacement lifetime. Previous research by Nuno et al [38, 112] similarly 
recommended the inclusion of residual stresses in the calculation of artificial hip 
construct stresses.
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In Chapter 3, 23 residual stress experiments were performed with CMW® 1 
Gentamicin bone cement to quantify the residual stress levels based on a number 
of different initial conditions. For all experiments, the transient residual strains 
were measured for at least 3 hours. A number of these residual stress experiments 
were allowed to run for an extended period of time to investigate the stress 
relaxation properties of CMW® 1 Gentamicin bone cement from residual stresses. 
Appendix M contains the experimental results. While variation exists in the 
stress relaxation rates, typically the stress relaxation rates were low and indicate 
that the majority of the residual stresses would be present in the construction 
during patient rehabilitation, 24 to 48 hours after surgery. From this, for the 
quantification of the construct stresses during rehabilitation, the residual stresses 
as predicted in Section 5.5.2 were assumed to be present during rehabilitation.
For the rehabilitation activity of walking, the peak von Mises stress of the 
artificial hip construct occurred in the femoral prosthesis at the middle to distal 
region longitudinally, on the medial side and was of 250 MPa magnitude. This 
peak construct stress result was identical with the peak stress result for the 
consideration of walking forces only, and indicates that bone cement residual 
stresses have negligible impact on the peak femoral prosthesis stress levels. For 
the bone cement mantle, the peak rehabilitation von Mises stress was 40 MPa 
and occurred at the distal end of the cement mantle, where the stem distal tip 
ended. The peak stress location in the bone cement mantle coincided with the 
peak stress location for the consideration of walking forces only. However the 
inclusion of residual stress has increased the peak stress due to walking by 48%.
As mentioned previously, the peak von Mises stress under the considered 
condition of rehabilitation was 40 MPa. A stress of this magnitude, coupled with 
stress concentrators would almost certainly induce fracture damage to the cement 
mantle. However the volume of the cement mantle at a sufficiently high stress to 
induce fracture damage was relatively small. Therefore it is postulated that 
during rehabilitation, the artificial hip construct would function as expected with 
no obvious sign(s) of damage apparent to the patient or the medical staff. The 
localised damage in the short time would have negligible immediate 
consequences due to the small volume affected. However in the long term, the
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presence of these fractures would accelerate fatigue damage. This in turn may 
increase the stresses for the remaining undamaged cement mantle and accelerate 
the occurrence of aseptic loosening due to fatigue failure.
For the physiological activity of walking, 95% of the bone cement mantle 
remained below 6 MPa, while for the rehabilitation activity of walking 95% of 
the cement mantle remained below 12 MPa. Comparing the averages, for the 
physiological scenario the average stress was 3.2 MPa ± 2.3 MPa, while for the 
rehabilitation scenario the average stress was 6.9 MPa ± 3.6 MPa. This 
comparison clearly demonstrates the significance of residual stresses and reveals 
residual stresses should be included to accurately establish the cement mantle 
stress magnitude and distribution for the early portion of the artificial hip 
replacement lifetime. This research also suggests an extended period of time in 
bed for the patient post arthroplasty may significantly reduce early cement 
mantle damage during rehabilitation and therefore extend the lifetime of the THR 
in the long term.
5.7 Chapter Summary
The finite element methodology defined and implemented in Chapter 4 was 
applied to a 3-D anatomical model based on the Exeter™ femoral prosthesis. 
Chapter 5 findings may be enumerated as follows;
1. The transient thermal analysis predicted different regions of the cement 
mantle reached different peak temperatures. For example, along the shaft 
portion of the prosthesis where the cement mantle was typically 3 mm 
thick, the peak predicted temperature was typically 59°C, while for the 
cement at the proximal lateral and distal portion of the cement mantle, 
where the mantle was relatively thick (greater than 5 mm), the peak 
predicted temperature was typically 95°C.
2. The transient thermal analysis also predicted that all regions of the bone 
cement mantle would not reach peak temperature simultaneously. Where
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the cement was approximately 3 mm thick, the cement reached its peak 
temperature 18 seconds before the proximal lateral and distal portions of 
the cement mantle, where the mantle was relatively thick.
3. For the consideration of residual stress on its own, von Mises stresses up 
to 25 MPa were predicted. However the average cement mantle residual 
von Mises stress was significantly lower at 5.3 MPa.
4. For the consideration of walking stress on its own, von Mises stresses up 
to 27 MPa were predicted. However the average von Mises stress was 
significantly lower at 3.2 MPa.
5. For the rehabilitation activity of walking, that is, both residual and 
walking stresses, results revealed von Mises stresses up to 40 MPa, with 
an average bone cement von Mises stress of 6.9 MPa.
Results demonstrate that for the early portion of the replacement lifetime, 
residual stresses are significant and should be included to establish the cement 
mantle stress distribution and magnitude. This research also suggests that an 
extended period of time in bed for the patient post arthroplasty, may significantly 
reduced cement mantle damage during rehabilitation.
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C h a p t e r  6
C o n c l u s i o n s  A n d  F u t u r e  W o r k
6.1 Thesis Contribution
To the best of the author’s knowledge, this research represents the following 
novel contributions;
• The prediction of bone cement mantle residual stresses for a cemented 
femoral hip replacement based on a 3D in vivo finite element model. In 
conjunction with this the cement mantle stresses from the rehabilitation 
activity of walking (residual stress in conjunction with the peak load from 
walking) were also predicted.
• An experimental investigation of the hypothesis that bone cement mantle 
pressurisation may have a significant effect on the residual stress levels.
• An experimental investigation of the hypothesis that different commercial 
bone cement brands may produce significantly different residual stress 
levels.
• An experimental investigation of whether vacuum mixing bone cement 
has an effect on the residual stress magnitudes.
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• The experimental measurement of the linear coefficient of thermal 
expansion for CMW® 1 Gentamicin and SmartSet® HV Gentamicin bone 
cements.
• The experimental measurement of bone cement residual stress relaxation 
for a period of time in excess of 2 hours.
6.2 Conclusions
• This research reveals that bone cement residual stresses are significant, 
and should be included in calculations to establish the cement mantle 
stress magnitude and distribution for the early portion of the replacement 
lifetime.
• For the rehabilitation activity of walking, bone cement mantle von Mises 
stresses up to 40 MPa were predicted. From this it is postulated that 
stresses are sufficiently high to produce fracture damage to the bone 
cement mantle due to this rehabilitation activity. The extent of damage is 
dependent upon the degree of stress concentration. However it is 
postulated that a relatively small volume of the cement mantle would 
incur fracture damage during rehabilitation, as the average von Mises 
cement mantle stress was 6.9 MPa. This research suggests, and the author 
recommends, an extended period of rest in bed for the patient post 
arthroplasty. The extended rest period may significantly reduce residual 
stresses (due to the bone cements viscoelastic nature) and therefore the 
extent of cement mantle damage when the patient loads the artificial hip 
construct for the first time.
• Bone cement mantle von Mises residual stresses up to 25 MPa were 
predicted based on the in vivo model. From this it is postulated that 
residual stresses on there own are sufficiently high to produce fracture 
damage in the bone cement mantle before any functional loading. The
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extent of damage is dependent on the degree of stress concentration. 
However it is postulated that a relatively small volume of the cement 
mantle would incur fracture damage, as the average cement mantle von
Mises stress was 5.3 MPa.
• Bone cement von Mises stresses up to 27 MPa were predicted in vivo due 
to the activity of walking. It is postulated that a relatively small volume of 
the cement mantle would incur fracture damage, as the average cement 
mantle von Mises stress was 3.2 MPa.
• Pressurisation of the bone cement mantle during polymerisation 
significantly alters the residual stress levels. A large reduction in the 
residual strains in the representative femur, with a slight increase in 
residual strains for the representative stem was measured. Experimental 
results indicate that a significant reduction in residual stresses in vivo may 
be achieved by cement mantle pressurisation.
• CMW® 1 Gentamicin and SmartSet® HV Gentamicin bone cements both 
produced similar residual stress levels, based on experimental residual 
strain measurements.
• Results indicate that mixing bone cement under vacuum conditions does 
not alter residual stress levels compared with cement mixed under 
atmospheric conditions. Previous research [33, 74, 98] has established a 
clear relationship between pore reduction mixing methods and increased 
cement shrinkage. As no increase in cement residual strain was recorded 
between non-vacuum mixed cement and cement prepared under vacuum 
conditions, this result indicates that the dominant shrinkage mechanism 
after the cement has achieved its properties as a solid is thermal 
shrinkage.
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• SmartSet® HV Gentamicin has a lower coefficient of thermal expansion 
(mean of 72.6 x 10'6oC'1) compared to CMW® 1 Gentamicin (mean of
89.2 x 10'6oC'1), based on dilatometer experiments.
• The first measurement of residual strain occurred approximately 7 
seconds before the attainment of peak cement temperature. Stress-locking 
must have occurred some time shortly previous to this point before 
residual strains could have been registered. From this it is postulated that 
bone cement stress-locks between 7 to 14 seconds before the attainment 
of peak cement temperature.
• Pressurisation of the polymerising bone cement mantle has a negligible 
effect on cement mantle temperatures.
• CMW® 1 Gentamicin and SmartSet® HV Gentamicin bone cements 
produce equally high peak cement temperatures despite notable 
difference between their polymerisation transient temperature profiles.
• CMW® 1 Gentamicin bone cement liberates approximately 126 MJ/m3 of 
thermal energy during polymerisation, based on DSC measurements.
• Finite element analysis of the experimental work predicted von Mises 
residual stresses up to 16.5 MPa. Of the principal stresses, longitudinal 
residual stresses were the most significant, with a predicted magnitude of 
approximately 18 MPa. Hoop stress were the second most significant of 
the principal stresses with a maximum magnitude of approximately 15.5 
MPa. Finally radial stresses were the least significant of the principal 
stresses, with a maximum magnitude of approximately 4.5 MPa.
• A finite element methodology has been successfully employed to predict 
transient thermal results throughout bone cement polymerisation and for 
the quantification of resultant residual stresses.
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• Results from the experimental investigation of pressurisation affects on 
the residual stresses revealed a significant reduction in the residual strains 
for the representative femur and a slight increase in residual strains for 
the representative stem. A hypothesis was proposed for the explanation of 
these results, (Section 3.5). The hypothesis suggests a reduction for both 
the stem and femur residual stresses in vivo. Further experimentation to 
gain a greater understanding of the pressurisation affects and the 
verification of the proposed hypothesis is proposed.
• A number of residual stress experiments were allowed to run for an 
extended period of time to investigate residual stress relaxation rates, due 
to the viscoelastic nature of bone cement (Appendix M). A more in depth 
experimental analysis is proposed to measure the residual stress 
relaxation rates over significant periods of time (10 days for example) 
and the development of a theoretical formulation to predict residual stress 
relaxation is proposed.
• Different brands of bone cement encompass different thermal profiles 
[43-46], From Section 4.5.1, experimental measurement reveals that 
CMW® 1 Gentamicin and SmartSet® HV Gentamicin have different 
coefficients of thermal expansion. It is hypothesised from these 
observations that different brands of bone cement may produce 
significantly different residual stress levels. In the present study, the 
residual strains between two brands of bone cement, namely CMW® 1 
Gentamicin and SmartSet® HV Gentamicin were compared with each 
other. An investigation of a more comprehensive range of bone cement 
brands is proposed, to determine if some brands of cement produce 
significantly lower residual stresses compared to others.
• The bone cement coefficient of thermal expansion is a central property in 
the quantification of residual stress. The coefficient of thermal expansion 
utilised in this research has been based on previously mixed and
6.3 Future Work
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solidified cement. It is postulated that the coefficient o f thermal 
expansion for previously solidified cement may not be the same as the 
cement that is cooling from polymerisation. Experimentation to measure 
the coefficient o f thermal contraction for cooling bone cement from 
polymerisation is proposed.
•  Results from this research indicate that bone cement mixed under the 
application o f  vacuum may slightly reduce peak polymerisation 
temperatures. Additional experimentation is proposed to investigate this 
indication.
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A p p e n d i x  A
Hip Anatomy
The h ip  jo in t is a ball and socket o r spheroid jo in t [15]. B all and socket jo in ts  are 
term ed triaxial because they  perm it m ovem ent in  three planes, abduction- 
adduction, flexion-extension and  rotation. The ball o f  the jo in t, w hich  form s 
approxim ately  tw o-thirds o f  a  sphere, is called the head o f femur o r femoral 
head. The socket o f  the jo in t consists o f  a cuplike depression w ith in  the hipbone 
and  is called  the acetabulum, (F igure A .1).
Acetabulum
of Hipbone
Head of —
Femur
Figure A.1: The hip joint. Adapted from Tortora and Grabowski [15].
In  a  healthy  jo in t, the fem oral head  resides in  the acetabulum  o f  the hipbone. The 
fem oral head is captured by  the acetabular socket, leading the jo in t to  be h ighly  
constrained  [164]. This constrain t im parted  by  the h ip architecture, results in  the 
jo in t being inherently  stable and  w ell suited to  bear and perform  under load. A lso 
th is feature m inim ises the need  fo r ligam ents and other tissue constrain ts to 
m ain ta in  the stability  o f  the h ip  under articulation.
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B oth m ating surfaces o f  the hip jo in t are covered w ith hyaline or articular 
cartilage [165]. A rticu lar cartilage perform s tw o m ain functions. F irstly  it 
d istributes the jo in t load over a  w ide area, thus decreasing the stresses and strains 
upon the jo in t. Secondly it provides a  sm ooth  surface for the articular surfaces, 
thus reducing the coefficient o f  friction. To further reduce friction, the hip jo in t 
also receives synovial fluid  from  the synovial m em brane about the jo in t. This 
com bination o f  both articular cartilage and synovial fluid results in a very low  
coefficient o f  friction, approxim ately  0.008 [7].
__Anatom y O f The Pelvic G irdle
The pelvic girdle consists o f  the right and left hipbone or coxae and the sacrum 
to form  a ring o f  bone called the pelvis. The pelvis perform s m any functions 
including support and attachm ents for the low er lim bs. The hipbone in  turn  is 
m ade o f  three bones all fused  together, the Ilium, pubis and ischium, (Figure 
A .2).
A natom y O f The Fem ur
The thighbone or femur is the longest, strongest and heaviest bone in the hum an 
body  [15]. The proxim al end  o f  the fem ur consists o f  the fem oral head that 
articulates w ith the acetabulum . The low er end o f  the fem ur form s a double
230
knuckle or condyle that articulates w ith  the tib ia, form ing the knee jo in t. The 
fem oral head  contains a pit or depression called fovea capitis. This form s the site 
w here the ligam ent ligamentum capitis connects or jo ins the fem oral head to the 
acetabulum  o f  the hipbone. Just below  the fem oral head is a  constriction called 
the femoral neck or collum femoris. The fem oral neck connects the fem oral head 
to  the body o f femur or femoral shaft. In an adult, the fem oral neck form s an 
angle o f  approxim ately  125° w ith  the shaft o f  the fem ur, dependent on age and 
sex [167]. B elow  the fem oral neck lies the trochanteric region. The trochanteric 
region consists o f  the greater trochanter and lesser trochanter and serves as the 
poin ts o f  attachm ent for som e o f  the buttock and th igh m uscles. B etw een the 
trochanters on the front (anterior) side lies the intertrochanteric line, w hile on the 
rear (posterior) side lays the intertrochanteric crest, (Figure A .3).
The in terior o f  the fem ur consists o f  a cylindrical cavity  called the medullary 
cavity [1]. The m edullary cavity  is filled  w ith a soft tissue called  bone marrow. 
B one m arrow  is prim arily  used for blood form ation and m ineral storage. W hen 
com pared w ith  bone, bone m arrow  adds negligible m echanical strength to  the 
system .
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A p p e n d i x  B
Anatomical Directional Terminology
A natom ical directional term s describe parts o f  the body relative to  each other. 
All directional term s are in relation to  a person in the anatom ic position. The 
anatom ic position  refers to  a  person  standing erect (upright) w ith  their face 
directed  forw ard, their upper lim bs hanging to  their sides and the palm s o f  their 
hands facing forw ard. D irectional term s w ith  respect to  a  fem oral hip 
rep lacem ent are illustrated  in  F igures B .l  and B.2.
Proximal
Distal
Lateral Medial
Figure B.l: Directional terminology with respect to a left femur with an artificial
hip implanted
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Proximal
Distal
Posterior Anterior
Figure B.2: Directional terminology with respect to a left femur with an artificial
hip implanted
Table B.l sum m arises the anatom ical directional term inology.
Term Definition
Proxim al C loser to the po in t o f  attachm ent to  the body than  another
D istal Further from  the poin t o f  attachm ent to the body than  another
A nterior Tow ard the front o f  the body
Posterior Tow ard the back  o f  the body
Lateral A w ay from  the m idline o f  the body
M edial T ow ard  the m idline o f  the body
Table B .l :  D efin itions o f  anatom ical d irectional term s
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A p p e n d i x  C
Electrical Resistance Strain-Gauge Principles
E lectrically  conductive m aterials have a resistance-strain  relationship , as given 
by Equation C .l [124].
W here “R ” denotes resistance, “p” denotes resistivity, “L ” denotes length and 
“A ” denotes cross sectional area. Thus consider the case w here the  w ire is 
extended;
L ^ L  + AL (C.2)
B y  P o isson ’s ratio  effect, there w ill also be a reduction  in  the cross sectional 
area, thus;
A ^ A - A A  (C.3)
From  this it can be seen tha t bo th  effects contribute to  an  increase in  the 
resistance o f  the conductor. Therefore, tensile forces increase the strain  gauge 
resistance w hile com pression forces reduce the strain  gauge resistance.
T he strain  gauges sensitivity  o r the am ount o f  resistance gauge per change in  
leng th  is called the “G auge F acto r” and is a dim ensionless relationship  expressed 
m athem atically  as;
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G Jr = * * “ (C.4)
R L
W here “G .F” denotes gauge factor, “AR” denotes change in resistance, and AL 
denotes change in length.
W heatstone Bridge C ircuit Principles
A  strain  gauge is a passive resistor w hich requires a pow er source. The 
W heatstone bridge circuit is the mos,t com m on m ethod to  pow er the “resistor” 
and convert the sm all change o f  resistance o f  the strain gauge(s) into a voltage 
suitable o f  acquisition  [119]. F igure C .l  illustrates the circuit d iagram  o f  a 
W heatstone bridge circuit.
F rom  view ing  the circuit, it is apparent that w hen R 1/R 2 =  R 4/R 3, V out w ill be
0 V. The circuit is term ed  “balanced” . A  change in  resistance o f  R 4 w ill 
unbalance the bridge and  produce a  voltage at V out. I f  a sim ilar change in  both  
m agnitude and polarity  occurs in  an  adjacent arm  o f  the bridge, R1 for exam ple, 
the  bridge w ill rem ained  balanced  at 0 V. E quation  C.5 defines the output 
vo ltage induced by  a  stra in  [119].
Figure C.l: Schematic o f Wheatstone bridge circuit
(G.F)(e)(N)(Vm)
oul A (C.5)
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W here “N ” is the num ber o f  active arm s o f  the bridge and “e” denotes strain. 
One active strain gauge is referred to as a quarter bridge circuit, two active strain 
gauges are referred to as a h a lf  bridge circuit, w hile 4 active strain gauges are 
referred to  as a full bridge circuit. For a full W heatstone bridge, norm ally tw o are 
w ired to m easure com pression and the rem aining two to m easure tension. The 
output w ill be proportional to the sum  o f  all the strains m easured separately 
[120],
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Appendix D 
Data Acquisition
N ational Instrum ents supply  w ith  the NI4351 data  acquisition  card, Labview  
code recom m ended fo r the m easurem ent o f  tem perature. The supplied code 
utilises the fu ll tem perature hardw are circuitry  em bedded in  the NI4351 card for 
optim um  accuracy. This code w as adapted such that the new  Labview  
program m e w ould  p rin t on the screen the individual tem peratures and also log all 
tem perature data to  an  excel file. This program m e w as further adapted such that 
the program m e w ould  also m easure, d isplay and log the stra in  gauge data. Figure
D. 1 illustrates the user interface o f  the  adapted L abview  program m e.
Figure D.l: Graphical user interface o f adapted Labview programme usedfor 
the acquisition and logging o f thermocouple and strain gauge data
237
Figures D .2 to  D .5 illustrate the labview  code used for the data acquisition 
program m e.
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Figure D .3: S tra in  gauge m easurem ent subroutine
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Figure D .4: Tem perature m easurem ent subroutine code
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Figure D .5: S tra in  gauge m easurem ent subroutine code
240
Te
fi
pe
ra
tu
re
 
(o
C
)
A p p e n d i x  E
C M W ®  1  G e n t a m i c i n  T r a n s i e n t  T h e r m a l
R e s u l t s
— External Epoxy (oC) — Internal Tube Mid (oC) — Internal Tube Upper (oC)
— Epoxy/Cem low (oC) — Cem low (oC) — Cement mid (oC)
— Cem/Stem top (oC)
Time (min)
Figure E.l: Thermal history for polymerising CMW® 1 Gentamicin bone cement 
over the first 1.5 hours. Data taken from experiment number 3 (CMW® 1 
Gentamicin, non-vacuumed, non-pressurised).
241
110
-External Epoxy (oC) 
-Epoxy/Cem mid (oC) 
-Cem/Stem mid (oC)
— Internal Tube Mid (oC) —  Internal Tube Upper (oC)
— Cem mid-mid (oC) —  Cement mid-mid(oC)
60 70 8040 50
Time (min)
Figure E.2: Thermal history for polymerising CMW® 1 Gentamicin bone cement 
over the first 1.5 hours. Data taken from experiment number 19 (CMW® 1 
Gentamicin, non-vacuumed, pressurised).
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— External Epoxy (oC) 
— Cem mid-mid (oC)
Internal Tube Mid (oC) — Epoxy/Cem mid (oC) 
Cement mid-mid(oC) — Cem/Stem mid (oC)
Time (min)
Figure E.3: Thermal history for polymerising CMW® 1 Gentamicin bone cement 
over the first 1.5 hours. Data taken from experiment number 20 (CMW® 1 
Gentamicin, non-vacuumed, pressurised).
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— External Epoxy (oC) 
-Cem ent Mid (oC)
Internal Tube Mid (oC) — Cement Low (oC)
Cement Top (oC)
Time (min)
Figure E.4: Thermal history for polymerising CMW® 1 Gentamicin bone cement 
over the first 1.5 hours. Data taken from experiment number 22 (CMW® 1 
Gentamicin, vacuumed, non-pressurised).
—  External Epoxy (oC)
—  Cement mid-low(oC)
Internal Tube Mid (oC) —  Epoxy/Cem Inter, mid (oC) 
Stem mid mid (oC)
Time (min)
Figure E.5: Therm al h istory f o r  po lym erising  CM W ® 1 G entam icin bone cem ent
over the f ir s t  1.5 hours. D ata  taken fro m  experim ent num ber 27  (CMW® 1
Gentamicin, vacuumed, pressurised).
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A p p e n d i x  F
S m a r t S e t ®  G e n t a m i c i n  T r a n s i e n t  T h e r m a l
R e s u l t s
—  External Epoxy (oC) —  Internal Tube Mid (oC) —  Mid -Low (oC)
—  Cem mid-mid (oC) — Cement mid- upper (oC) — Mid -Mid Opposite (oC)
Time (s)
Figure F.l: Thermal history for polymerising SmartSet® Gentamicin bone 
cement over the first 800 seconds. Data taken from experiment number 7 
(SmartSet® Gentamicin, non-vacuumed, non-pressurised).
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— External Epoxy (oC) — Internal Tube Upper (oC) — Mid -Low (oC)
— Cem mid-mid (oC) — Cement mid- upper (oC) — Mid -Mid Opposite (oC)
Time (s)
Figure F.2: Thermal history for polymerising SmartSet® Gentamicin bone 
cement over the first 800 seconds. Data taken from experiment number 8 
(SmartSet® Gentamicin, non-vacuumed, non-pressurised).
— External Epoxy (oC) —  Internal Tube Mid (oC) —  Mid -Low (oC)
— Cem mid-mid (oC) — Cement mid- upper (oC) — top mid (oC)
Time (s)
Figure F.3: Therm al h istory  fo r  po lym erising  SmartSet® G entam icin bone
cem ent over the f ir s t  800 seconds. D ata  taken fro m  experim ent num ber 10
(SmartSet® G entam icin, non-vacuum ed, non-pressurised).
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A p p e n d i x  G
Instrumented Femur Transient Strain 
Results
— Epoxy Axial (|ie) — Epoxy Hoop <|ic) — Epoxy Dummy (oC) — In cement mid mid (oC)
Time (s)
Figure G.l: Instrumented femur strain result with associated temperatures over 
the first 10,800 seconds (3 hours). Data taken from experiment number 1 (CMW® 
1 Gentamicin, non-vacuumed, non-pressurised).
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JSduiai
— M. Epoxy Axial (|ic) —  M. Epoxy Hoop ( p t ) —  External Epoiy (oC) —  Cem low (oC)
Time (s)
Figure G.2: Instrumented femur strain result with associated temperatures over 
the first 10,800 seconds (3 hours). Data taken from experiment number 3 (CMW® 
1 Gentamicin, non-vacuumed, non-pressurised).
— M . E p o x y  A x ia l ( | i ( )  — M . E p o x y  H o o p  ( | i t )  — E x te rn a l E p o x y  (o C ) — C e m e n t  H ig h  (o C )
Time (s)
Figure G.3: Instrum ented  fe m u r  stra in  resu lt w ith  associa ted  tem peratures over
the f ir s t  10,800 seconds (3 hours). D ata  taken fro m  experim ent num ber 15
(CMW® 1 G entam icin, non-vacuum ed, pressurised).
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— M. Epoxy Axial (|it) —  M. Epoxy Hoop (tit) —  External Epoxy (oC) —  Cem mid-mid (oC)
Time (s)
gure G.4: Instrumented femur strain result with associated temperatures over 
the first 10,800 seconds (3 hours). Data taken from experiment number 23 
(CMW® 1 Gentamicin, vacuumed, non-pressurised).
— M. Epoxy Axial (|it) — M. Epoxy Hoop (|it) — External Epoxy (oC) — Cem mid-mid (oC)
Time (s)
F igure G.5: Instrum ented  fe m u r  strain  resu lt w ith  associa ted  tem peratures over
the f i r s t  10,800 seconds (3 hours). D ata  taken fro m  experim ent num ber 26
(CM W ®  1 Gentamicin, vacuumed, pressurised).
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A p p e n d i x  H
I n s t r u m e n t e d  S t e m  T r a n s i e n t  S t r a i n  R e s u l t s
— Tube Hoop (|ic) — Tube Axial (|ic) — Internal Tube Mid (oC) — In cement mid mid (oC)
Time (s)
Figure H.l: Instrumented stem strain result with associated temperatures over 
the first 10,800 seconds (3 hours). Data taken from experiment number 1 (CMW® 
1 Gentamicin, non-vacuumed, non-pressurised).
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— M. Tube Axial (|it) — M. Tube Hoop (pt) — Internal Tube Mid (oC) — Cemlow(oC)
Time (s)
Figure H.2: Instrumented stem strain result with associated temperatures over 
the first 10,800 seconds (3 hours). Data taken from experiment number 3 (CMW®
1 Gentamicin, non-vacuumed, non-pressurised).
— Tube Axial (|ic) — Tube Hoop ((it) — Internal Tube Low (oC) — Cement High (oC)
Time (s)
Figure H.3: Instrum ented  stem  strain  result w ith associa ted  tem peratures over
the f ir s t  10,800 seconds (3 hours). D ata taken fro m  experim ent num ber 15
(CMW® 1 Gentamicin, non-vacuum ed, pressurised).
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— M. Tube Axial (|ic) — M. Tube Hoop (|ic) — Internal Tube Low (oC) — Cement (oC)
Time (s)
Figure H.4: Instrumented stem strain result with associated temperatures over 
the first 10,800 seconds (3 hours). Data taken from experiment number 21 
(CMW® 1 Gentamicin, vacuumed, non-pressurised).
— Tube Axial (|ic) — Tube Hoop (|ie) — Internal Tube Mid (oC) —  Cem mid-mid (oC)
Time (s)
Figure H.5: Instrum ented  stem  strain  resu lt w ith  associa ted  tem peratures over
the f ir s t  10,800 seconds (3 hours). D ata taken fro m  experim ent num ber 26
(C M W ®  1 Gentamicin, vacuumed, pressurised).
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A p p e n d i x  I
Theoretical Model
C onsider a  com pound cylinder as illustrated  in  F igure 1.1. A  shrink fit exists 
betw een the tw o cylinders, i.e. the inner d iam eter o f  the outer cylinder is slightly 
less (in  the order o f  m icrom eters) than  the outer diam eter o f  the  inner cylinder. 
B ased  on the experim ental w ork, th is shrink fit is created by the therm al 
expansion  o f  the M orse taper from  am bient tem perature to body tem perature 
coupled w ith  the therm al contraction o f  the bone cem ent from  the preset elevated 
tem perature (60 to  120°C) to  body tem perature. B y the creation  o f  this 
in terference at the m ating  surface, a system  o f  hoop  and radial stresses are set up 
in  bo th  cylinders.
O u te r  C y lin d er 
(Bone C em ent
In n e r C y linder 
^  (M orse T ap er)
Figure I . l :  C om pound cylinder
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From  the experim ental m ethodology, the bone cem ent sam ples w ere gently 
p laced  about the M orse taper w ith  no external loads applied to either cylinder 
[33]. Therefore p lane stress conditions w ere assum ed to  aid  the derivation.
A ssum ing bo th  cylinders are w ith in  their elastic range and plane stress conditions 
prevail, th ick  w all cy linder theory m ay  be used to  describe the stresses, equations
1.1 to  1.4 [37, 168].
O r .  =  ^ - 4  ( I -«r
° , m a  -4 +  4  (1-2)r
a „  = C - 4  (1.3)
r
a  ec =  C  + 4  (L4)r
W here the subscrip ts “m ” and “c” are used  to  denote Morse taper and bone 
cement respectively. To solve for the constants A , B , C and D , 4 equations from  
initial conditions are required.
There w as no in ternal pressure acting on the inside o f  the M orse taper. Therefore 
at r = r,;
o = A ~ 4  (1.5)
ri
There w as no ex ternal pressure acting on  the outside o f  the bone cem ent ring. 
Therefore at r =  r0;
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0  =  c - 4 (1.6)
A t the m ating surface rm, the radial stresses for the M orse taper and bone cem ent 
sam ple m ust be equal. Therefore at r = rm;
A t the m ating surface rm, the radial interference A, is given by the sum  o f  the 
M orse taper d isplacem ent inw ards §m and the bone cem ent d isplacem ent 
outw ards, 5C as show n in F igure 1.2.
A =  S m + 5C (1.8)
B o n e  Cement Ring Morse Taper Assembled Unit
Figure 1.2: Graphical description o f interference 
From  the defin ition  o f  strain;
S l  = s . l 0 (1.9)
=> A =  rm(£c - £ m) (1.10)
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From the plane stress assumption;
£ a E E
(1 .11 )
A = r ( -»V '8c ■ U, 'an (1.12)
Substituting Equations 1.1 through 1.4 into E quation  1.12;
c * 7 ■U, + Ü. (1.13)
From  linear therm al expansion theory;
S l=  a ( T , - T , ) l „ (1.14)
W here “81” represents change in length due to a tem perature difference, “a ” 
represents the coefficient o f thermal expansion, “10” represents original length 
and “Tf” and “T ” represent final and initial tem perature respectively. W hen the 
M orse taper is heated, it radially  expands about its re volute axis. L ikew ise the 
bone cem ent ring  w ou ld  rad ially  contract w hen cooled. Therefore interference is 
g iven by  how  m uch the  bone cem ent ring w ould  contract going from  peak 
tem perature to  body tem perature (negative displacem ent) m inus how  m uch the 
M orse taper expands. Therefore the radial interference A, o f  E quation  1.15 is the 
sum  o f  bo th  negative expressions.
From  Equations 1.8 and  1.14;
A =  ~ctm (Tf - T )  rm + a c (rf  -  t)  rm (1.15)
Combining Equations 1.13 and 1.15;
255
If, -T)  i:,=rj
C +
E,
To solve fo r the 4 unknow n constants A , B , C and D sim ultaneous equations m ay 
be used  w ith  equations 1 .5,1.6,1.7 and 1.16. In  tu rn  the radial and hoop stresses in 
the cem ent m antle m ay  be calculated by  equations 1.3 and 1.4 respectively, w hile 
the radial and hoop stresses in  the M orse taper m ay be calculated by equations
1.1 and 1.2 respectively.
Q uantification O f Residual Stresses
The objective o f  th is section w as to apply the theoretical m odel developed to 
quantify  the residual stresses induced for the experim ental w ork by  O rr et al [33].
M odel D efin ition
The cem ent rings had an  outer radius o f  15 m m  and an  inner radius o f  7.5 m m. 
The M orse taper used  in  the experim ental w ork w as solid. H ow ever the 
theoretical m odel prescribes the  M orse taper to  have som e finite inner radius. To 
m in im ise the effects associated  w ith  this assum ption, a hole o f  radius 10 jxm was 
assum ed. A s the outside d iam eter o f  the M orse taper is vastly  greater (750 tim es) 
than  that o f  the hole and as the Y oung’s m odulus o f  the M orse taper is 
approxim ately  90 tim es greater than  that o f  the bone cem ent, it is postulated  that 
th is assum ption  w ould  im pose negligible effects for the calculation o f  residual 
stress. M aterial p roperties identical to those assum ed for the FE  m odel w ere 
assum ed for the theoretical m odel. See Section 4.2.2 for m aterial properties 
assum ed.
B oundary  C onditions A nd  Loading
A n  even in itial and final tem perature d istribution for both  com ponents was 
applied, as per experim ental w ork [33]. The cem ent sam ples w ere set to  a 
p redefined  tem perature o f  60, 80, 100 or 120°C, w hile the stem  for each
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sim ulation w as alw ays assigned an in itial tem perature o f  20°C. B oth  m aterials 
w ere assigned a  final tem perature o f  37°C.
C om putation
A  M atlab  v.5.3 (The M athW orks Inc., M A , U SA ) script w as w rote to:
1. Solve the sim ulations equations and therefore define the constants A  to D
2. Com pute the von  M ises, hoop and radial stresses at points o f  interest e.g. 
at rm and p rin t these results to screen
3. Com pute the von  M ises, hoop and radial stresses for 
0.00001 < r < 0.015 m eters
4. P lo t the von  M ises, hoop and radial stresses over the range considered.
The follow ing is the M atlab  code developed to calculate the residual stresses 
based on an assem bly tem perature o f  100°C. To generate the results for the 60°C, 
80°C, and 120°C, the variable “peak_tem p” as given in  line 12 o f  the code is 
assigned the value o f  60, 80, or 120 respectively.
% Programme to calcu late hoop, rad ia l and von Mises stresses 
% in both the bone cement and morse tap e r .
% Plane stress  conditions are assumed.
% Peak bone cement temperature given by variable "peak temp", line  12. 
% By John Hingston
% *************** INITIAL CONDITIONS ***************
amb_temp = 20; %Ambient temperature
body_temp = 37; %Body temperature
peak temp = 100; %Peak cement temperature
p i = Û; %Internal Pressure
po = 0 ; %External Pressure
r i  = 0.00001; %Inner Radius
rm = 0.0075; %Mating Radius
ro = 0.015; %Outer Radius
Ebc = 2 ,l le 9 ; %Bone cement Young' s modulus
vbc = 0.4 55; %Bone cement poisons ra tio
alpha_bc = 8.0e-5; Bone cement coefficien t of thermal expansion
Emt = 1 .93e ll; %Morse taper Young1s modulus
vmt = 0.28; %Morse taper poisons ra tio
alpha_mt = 1.6e-5; %Morse taper coefficien t of thermal expansion
% ****************
% Radial Interference = Outer cylinder outwards - Inner cylinder inwards 
de lta  = alpha_bc*rm*(peak_temp - body_temp) - alpha_mt*rm*(amb_temp - body_temp)
% *************** CALCULATION OF THICK WALL CYLINDER THEORY CONSTANTS
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X = [1 - l/(r i* 2 )  0 0;
0 0 1 - 1 / (roA2 );
1 - 1 / (rmA2) -1 (l/(rm A2));
- (1-vmt)/Emt - (1+vmt)/ ( (rmA2)*Emt) (l-vbc)/Ebc (1+vbc)/ ( (rmA2)*Ebc)];
Z = [-pi; -po; 0; delta/rm],-
Y = inv(X)*Z;
A = Y (l,l) ;
B = Y(2, 1) ;
C = Y (3,1) ;
D = Y(4, 1) ;
% ************* RESULTS AT POINTS OF INTEREST ****************
%Results a t r i
Hoop_st_MT_ri = A + (B /riA2 ) ;
Radial_st_MT_ri = A - (B /riA2);
%Results a t rm
Hoop_st_MT_rm = A + (B/rm'2);
Radial_st_MT_rm = A - (B/rmA2 ) ;
Hoop_st_BC_rm = C + (D/rmA2)
Radial_st _BC_rm = C - D/rraA2
%Resulte a t ro
Hoop_st_BC_ro = C + (D/roA2 );
Radial_st_BC_ro = C - D/roA2;
% ************* RESULTS FOR GRAPH ****************
mt = 0.00001:0.00001:0.0075; 
bc = 0.0075:0.0001:0.015; 
Hoop_st_MT = A + (B./ (mt. *mt)); 
Radial_st_MT = A - (B. / (mt. *mt)); 
Hoop_st_BC = C + (D./ (be. *bc)); 
Radial_st_BC = C - D. / (be. *bc);
% **************** CALCULATION OF VON MISES STRESS *****************
Sigma_z = 0 ; % Assume plane s tress  conditions
%Morse Taper Section
Von_Mises_mt = s q r t ( ( (Hoop_st_MT - Radial_st_MT).* (Hoop_st_MT - Radial_st_MT) + 
(Radial_st_MT - Sigma_z).* (Radial_st_MT - Sigma_z) +(Sigma_z
Hoop_st_MT).* (Sigma_z - Hoop_st_MT)) /2 ) ;
Von_Mises_bc = s q r t ( ( (Hoop_st_BC - Radial_st_BC).* (Hoop_st_BC - Radial^st_BC) + 
(Radial_st_BC - Sigma_z).* (Radial_st_BC - Sigma_z) +(Sigma_z
Hoop_st_BC).*(Sigma_z - Hoop_st_BC)) /2 ) ;
Von_Mises = s q r t ( ( (Hoop_st_BC_rm - Radial_st_BC_rm)A2 + (Radial_st_BC_rm 
Sigma_z)A2 +(Sigma_z - Hoop_st_BC_rm)A2)/2)
% ***■****•**•■*•**■■*■** PLOT RESULTS *********************
Figure
p lo t (mt, Hoop_st_MT, ' r-~ ' )
hold on
p lo t (be, Hoop_st_BC, ' r - - ' )
hold on
p lo t (mt, Radial_st_MT, •b- . ' )
hold on
p lo t (be, Radial_st_BC, ■b-. ' )
p lo t (mt, Von_Mises_mt, 'g- 1 )
p lo t (be, Von_Mises_bc, 'g- ' )
xlabel ( 1 Radius (m) ')
y label ( 1 Stress (Pa)')
t i t l e  (' Von
Radial = Blue Dash-Dot Line 1
Green Solid Line, Hoop = Red Dashed Line,
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Figure 1.3 reveals the von  M ises, hoop and radial stress m agnitude and 
distribu tion  for the M orse taper and bone cem ent from  an assem bly tem perature 
o f  100°C. The stress d istributions fo r the 60°C, 80°C and 120°C peak  cem ent 
tem perature w ere o f  sim ilar form at.
Results
Von Mises = Green Solid Line, Hoop = Red Dashed Line, Radial = Blue Dash-Dot Line
Figure 1.3: Von Mises, hoop and radial stress distributions within Morse taper 
and bone cement ring, based on cement assembly temperature o f 100 °C
From  F igure 1.3 it is evident that the peak  principal stresses occur at the M orse 
taper-cem ent interface. This resu lt is in  agreem ent w ith  the published 
experim ental findings o f  O rr et al [33]. F igure 1.4 sum m arises the peak  residual 
stresses calculated from  the theoretical m odel over the “stress-locking” 
tem perature  range considered.
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Von M ises S tre ss  -1 -H o o p  S tre s s  -k- Radial S tre s s  Axial S tre ss
Figure 1.4: Residual stresses versus peak cement temperature, calculated by
theoretical model
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A p p e n d i x  J
Coefficient O f Thermal Convection
E quation  J . l  relates the approxim ate free therm al convection coefficient for a 
vertical cylinder, surrounded by air a t atm ospheric pressure, at a m oderate 
tem perature under lam inar air flow  conditions [141].
A =  1 .42
(  A T } 1/4
( J .l )
W here “h ” represents the convection coefficient w ith  units o f  W /m 2-K , and “L ” 
represents the length o f  the cylinder. The “AT” term  relates to  the temperature 
difference betw een  the cylinder and am bient air tem perature. F rom  the 
experim ental w ork, it is know n that the representative cylinders undergo a 
change in  tem perature w ith  respect to tim e due to the exotherm  o f  the cem ent. As 
E quation  J. 1 is an  approxim ation o f  free therm al coefficient and due to  the m any 
factors that affect the convection coefficient [141], the m iddle tem perature value 
w as assum ed for the determ ination o f  AT.
Coefficient O f Convection For E xterior O f Representative Fem ur
M ean representative fem ur peak tem perature =  57°C 
AT =  (57-37)/2 = 10°C
L = 0.05 m  (N ot 60 m m  to account for the instrum ented fem ur holder)
B ased  on E quation  J . l ,  a convection coefficient o f  5.1 W /m 2K  w as calculated. 
This coefficient o f  convection w as applied to  the exterior surfaces o f  the 
representative fem ur.
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M ean representative stem  peak tem perature = 81°C 
AT = (81-37)/2 =  22°C 
L =  0.07 m
Based on Equation J. 1, a convection coefficient o f  6.0 W /m 2K was calculated for 
the in terior surfaces o f  the representative stem . H ow ever there m ay not be free 
convection o f  air as the lower end o f  the cylinder was sealed. A lso, the strain 
gauge and therm ocouple wires running along the inside o f  the tube would 
interfere w ith the free flow o f  air. To account for these conditions, a 50%  
reduction to  the calculated value o f  therm al convection was applied. This yielded 
a coefficient o f  therm al convection o f  3 W /m 2K for the inside o f  the stainless 
steel tube.
Coefficient O f  Convection For In te rio r O f  316L Tube
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A p p e n d i x  K
Anatomical Model Mesh
Post m eshing the stem  contained approxim ately  9,000 nodes. F igure K .l 
illustrates the m esh applied to  the stem  geom etry.
Figure K.l: (Left) Elevation view o f meshed Exeter™ stem; (Middle) Elevation 
view o f sectioned Exeter™ stem to reveal internal mesh; (Right) Auxiliary view o f
meshed Exeter™ stem
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Post m eshing the cem ent m antle contained approxim ately  8,500 nodes. Figure 
K .2 illustrates the m esh  applied  to  the bone cem ent m antle geom etry.
Figure K.2: (Left) Elevation view o f meshed cement mantle; (Middle) Elevation 
view o f sectioned cement mantle to reveal internal mesh; (Right) Auxiliary view
o f meshed bone cement mantle
P ost m eshing  the fem ur contained approxim ately  8,500 nodes. F igure K.3 
illustrates the m esh  applied  to  the fem ur geom etry.
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Figure K.3: (Left) Elevation view o f meshed femur; (Middle) Elevation view o f 
sectioned femur to reveal internal mesh; (Right) Auxiliary view o f meshed femur
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A p p e n d i x  L
Anatomical Model Principal Stress Results
F i r s t  P r i n c i p a l  S t r e s s  
S e c o n d  P r i n c i p a l  S t r e s s  
T h i r d  P i l l i  c ip  ill  S t r e s s
P a t h
L o c a t i o n
F e m u r  C e m e n t  S t e m  
----------------------
C e m e n t  F e m u r  
W  W ------------------*
0 3.0 6.0 9.0 12.0 15.018.0 21.0 24.0 27.030.C
Distance (mm)
Figure L .l :  A na tom ica l m odel p rinc ipa l residual stresses fo r  p a th  defined
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Figure L.2: Principal stresses due to the peak load from walking for path defined
on solid model
■■ ■  ■ F i r s t  P r in c ip a l  S tress 
Second P r in c ip a l  S tress 
T ln r d  P r in c ip a l  S tress 
F em iu  C em en t S tein  C em ent Feinm
K-----W ---------------------------------- W - - - W ------------ «
0 3.0 6.0 9.0 12.0 15.0 IS  O 21.0 24.0 27.0 30.0
____________ Distance (nini)____________
Path
L ocation
F ir s t  P r in c ip a l  S tress 
Second P r in c ip a l  S tress  
— — T h ird  P r in c ip a l  S tress 
FeinurCem ent Stein Cement Femur
“ ------^  w ----------  w  w ----------- 1
0 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 30.0
______________ Distance (nun)
F igure L.3: P rincipa l stresses f o r  the rehabilitation scenario fo r  the p a th  defined
on so lid  m odel
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A p p e n d i x  M
Residual Stress Relaxation
In  C hapter 3, 24 residual stress experim ents w ere perform ed w ith  CMW® 1 
G entam icin bone cem ent to quantify  the residual stress levels based on a num ber 
o f  d ifferent initial conditions. A ll the experim ental data reported in  C hapter 3 
w as taken  3 hours after the in itiation  o f  bone cem ent m ixing. A  num ber o f  these 
residual stress experim ents w ere allow ed to run fo r an  extended period o f  tim e to 
investigate the residual stress relaxation rate for CMW® 1 G entam icin bone 
cem ent. Figure M .l illustrates a typical result.
— Epoxy Axial (pc)—  Epoxy Hoop (pt)— Tube Axial (ne)— Tube Hoop <|jc) —  Cement (°C) 
0
-200 
-400
-600 
|  -800 
£ -1 0 0 0  
0-12OO 
rf-1400 
-1600 
-1800 
-2000
0 1 2  3 4 5
Time (D ays)
Figure M.l: CMW® 1 Gentamicin residual stress relaxation over 5.1 days. Data 
taken from a vacuum mixed non-pressurised experiment
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From  Figure M .l it is evident that a slight fluctuation occurred for the e- 
glass/epoxy (representative fem ur) hoop m icrostrain. This strain fluctuation 
approxim ately  coincided w ith  a slight tem perature fluctuation in  the oven. 
Therefore it is hypothesised that apparent strains are the prim ary source for this 
fluctuation. Table M .l sum m arises the strain  relaxation  m easured fo r the 
representative fem ur in  the axial direction.
Experiment
Number
Duration of 
experiment 
(Days)
E-giass/epoxy - Axial (me)
Reduction
(%)
Reduction 
per day (%)At 3hrs
At end of 
experiment
No.1 1.02 -874 -831 5 4.8
No.2
_ _ _
3.63 -711 -593 17 4.6
No.3 3.93 -437 -328 25 6.4
No.4 1.92 -450 -409 9 4.6
No.5 0.78 -774 -730 6 7.2
No. 17 0.68 -490 -470 4 6.0
No.18 0.86 -382 -329 14 16.1
No.22 2 -974 -906 7 3.5
No.23 5.09 -1045 -854 18 3.6
No.24 0.98 -890 -714 20 20.2
No.28 2.07 -795 -743 7 3.2
No.29 2.71 -705 -675 4 1.6
Mean 7
Table M.l: Measured residual strain levels for the representative femur in the
axial direction
Table M .2 sum m arises the strain  relaxation  m easured for the representative stem  
in  the  axial direction. Table M .3 sum m arises the strain  relaxation  m easured  for 
the representative stem  in  the hoop direction. It is w orth  noting, w ith  the 
exclusion  o f  experim ent num bers 5, 17 and 18, the average percentage reduction 
w as 9% . It is unknow n w hy experim ents 5, 17 and 18 reduced  in  stress m uch 
faster com pared to  the rem ainder o f  the experim ental data.
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Experiment
Number
Duration of 
experiment 
(Days)
Steel tube - Axial (me)
Reduction
(%)
Reduction 
per day
{%)At 3hrs
At end of 
experiment
No.1 1.02 -72 -64 11.1 10.9
No.2 3.63 -97 -85 12.5 3.5
No.3 3.93 -84 -68 18.9 4.8
No.4 1.92 -71 -59 16.2 8.4
No.5 0.78 -56 -51 9.2 11.8
No.6 2.67 -133 -121 9.0 3.4
No.15 10.86 -67 -47 29.9 2.7
No.16 2.25 -41 -31 24.4 10.8
No.17 0.68 -128 -118 8.0 11.7
No. 18 0.86 -120 -114 5.0 5.8
No.22 2 -72 -58 19.4 9.7
No.23 5.09 -102 -84 17.8 3.5
No.25 2.9 -64 -48 25.0 8.6
Mean 7
Table M.2: Measured residual strain levels for the representative stem in the
axial direction
Experiment
Number
Duration of 
experiment 
(Days)
Steel tube - Hoop (me)
Reduction
(%)
Reduction 
per day
(%)At 3hrs
At end of 
experiment
No.2 3.63 -52 -35 32.1 8.9
No.3 3.93 -49 -27 44.4 11.3
No.4 1.92 -57 -42 25.1 13.1
No.5 0.78 -65 -44 32.5 41.6
No.6 2.67 -73 -44 39.7 14.9
No.15 10.86 -135 -56 58.5 5.4
No.16 2.25 -138 -109 21.0 9.3
No.17 0.68 -57 -37 35.7 52.6
No.18 0.86 -47 -30 36.2 42.1
No.23 5.09 -174 -123 29.2 5.7
No.24 0.98 -112 -100 10.7 10.9
No.25 2.9 -113 -95 15.9 5.5
Mean 18
Table M.3: Measured residual strain levels for the representative stem in the
hoop direction
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